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MAGNETIC FIELD GENERATING ASSEMBLY AND METHOD 

The invention relates to magnetic field generating 
assemblies and methods for use in magnetic resonance and in 
5 particular to "inside-out"- Nuclear Magnetic Resonance (NMR 
or MR) instrumentation for use in non- invasive 
investigation of material properties. These have 
applications in a wide variety of fields , such well 
logging, medical MR Imaging (MRI) and NMR Spectroscopy 

10 (NMRS or MRS)-. 

"Inside-out NMR" , "external field NMR", "remotely 
positioned MR !I 7 "projected field MR", "one-sided MR" and 
"maximum access MR" are all terms used to describe 
instruments which perform NMR measurements on objects or 

15 subjects placed outside the physical envelope of the 
measuring apparatus. The distinction is clear when such 
systems are compared with conventional NMR spectroscopy or 
MRI systems, in which the sample to be investigated is 
placed inside the apparatus, typically in the bore of a 

20 superconducting solenoid magnet. Whilst the conventional 
approach is generally preferable in terms of cost effective 
generation of the strong and uniform static magnetic field 
required for NMR measurements, the particular circumstances 
of some applications demand an in-situ measurement, which 

25 can only be achieved with a remotely-positioned instrument. 

For clarity the "inside-out NMR" apparatus will be 
termed an "external field" system; in comparison, 
conventional apparatus, in which the sample is placed 
inside the space envelope of the magnet, will be termed 

30 "internal field" systems. 

A good example of an application which requires an 
external field NMR instrument is the NMR well logging tool . 
Properties of interest in NMR well logging are overall 
signal intensity (which is proportional to proton density) 

35 and the distribution of the bulk relaxation time constants 
Tl and T2 (which are manifested in the time -dependence of 
the NMR signals) . 
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Early tools such as Schlumberger 1 s Nuclear Magnetic 
Logging (NML) tool, as described by US-A-3213357, in "An 
improved NMR logging system and its Applications to 
Formation Evaluation" , Herrick, R. C. et al, SPE 8361, 54th 
5 Annual Fall Technical Conference' of the Society of 
Petroleum Engineers of AIME, Las Vagas, Sept. 23-26, 1979, 
and US-A-3667035 used pulsed electromagnets and the Earth's 
magnetic field to generate NMR signals from earth 
formations in- situ. 

10 Systems using permanent magnets to generate the static 

magnetic field later gained favour over electromagnet 
systems. The most notable permanent magnet systems are 
those described in US-A-4350955, US-A-4710713 and US-A- 
4933638. The latter two systems have been commercialised 

15 as Numar's MRIL™ and Schlumberger ■ s CMR™. However, 
neither of these tools is available in diameters smaller 
than about 5.5 inches (14cm), which limits their use to 
larger holes. The reason is that the performance of 
existing tool designs suffers considerably as the diameter 

2 0 is reduced. The fundamental reasons behind this problem are 
explained in the following discussion of the physics of NMR 
well logging. 

The volume available for the permanent magnet material 
is clearly limited by the tool diameter. Adding magnet 

25 material spaced axial ly along the tool away from the 
sensitive volume (SV) eventually becomes of limited use as 
the separation of new material from the SV increases. 
Smaller diameter tools therefore have to' make do with less 
stored magnetic energy to generate the magnetic field in 

30 the SV. 

The designer of an external -field NMR instrument must 
ensure that an adequate level of NMR signal is generated 
within the SV to enable a sufficiently accurate measurement 
to be made in a suitable time interval . The total NMR 
35 signal strength is related to the size of the SV, the 
degree of magnetization of the sample, the receiver 
efficiency, and the density of resonant nuclear spins 
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within the SV. The first three are determined by the tool 
design, whilst the last is part of the bulk NMR information 
measured . 

Assuming sufficient time is left for full spin- lattice 
5 (Tl) relaxation before measurement, the magnetization of 
the sample is directly proportional to the magnetic field 
strength (or flux density, BO) in the SV. As will be clear 
to those versed in the art the size of the SV is in turn 
limited by the magnetic field inhomogeneity and the 
10 bandwidth of the transmitted RF - the SV will increase in 
a more uniform field and with larger RF bandwidth. A 
downhole tool is always operated with the maximum possible 
RF bandwidth allowed by available peak RF pulse power. 
Therefore to maximise the SV the designer seeks to increase 
15 field homogeneity. Unfortunately, if the stored magnetic 
energy is held constant improvements in homogeneity 
achieved by adjusting the magnet geometry can only be 
achieved at the expense of field strength. 

Selection of the minimum field homogeneity is also 
20 governed by other considerations. For example the allowed 
field inhomogeneity in the SV of a well logging instrument 
' is typically very much greater than that feasible for an 
MRI or spectroscopy magnet (eg: 20000 parts-per-million 
(ppm) compared to 50ppm or less in the latter) . This is 
25 because the well logging tool only measures bulk NMR 
properties and a multi-pulse sequence may be used to 
reverse phase dispersion caused by magnetic field 
inhomogeneity. Typically the CPMG pulse sequence (Meiboom 
et al, "Modified spin-echo method for measuring nuclear 
30 relaxation times" , Rev. Sci. Instrum. 29, 688-691, 1958) is 
used: a series of NMR "spin-echo" signals are generated by 
the application of a carefully timed sequence of radio- 
frequency (RF) oscillating magnetic field pulses, and the 
spin density and Tl and T2 parameters are derived from the 
35 echo train data. 

MRI requires field homogeneity of the order 50ppm or 
better (and good gradient linearity) to avoid unacceptable 
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distortion of the image. Modified versions of CMPG, such as 
RARE, HASTE and SPARE, may be used in specialised MRI to 
tolerate higher field inhomogeneity, with care exercised to 
avoid RF heating of the sample. 

5 Assuming a CPMG-like sequence is used, the limitation 

on maximum allowable field inhomogeneity in a well logging 
tool is therefore defined by the available RF bandwidth and 
the size of sensitive volume required to generate the 
necessary NMR signal level. With the RF bandwidth set to 

10 the maximum allowed by available pulse power, maximising 
the size of the SV relies on reducing the field 
inhomogeneity without compromising field strength, which 
presents a problem as previously mentioned. All magnetic 
fields obey Maxwell's Divergence theorem, and therefore 

15 cannot be completely uniform within a three-dimensional 
volume of space that is not completely enclosed by the 
field generating means. In a conventional internal -field 
NMR instrument the designer takes advantage of the fact 
that the strongest and most uniform field is naturally 

2 0 generated inside the magnet structure, whether this is 
inside a solenoid or between the poles of a C-magnet, for 
example. This option is not available with an external- 
field machine. The field gradients are much higher outside 
the apparatus, but they can be reduced by arranging the 

2 5 magnet geometry to cancel out the worst gradients. 
Unfortunately this also unavoidably reduces the field 
intensity in an external-field device. Examples of the 
magnet design process are illustrated in US-A-4701736 and 
US-A-5471140, US-A-5488342 and US-A-5646528 . The designer 

30 therefore has to choose a suitable trade-off between 
magnetic field homogeneity and intensity for the available 
stored energy. 

In summary, space, power and material restrictions 
limit the designer to generating the magnetic field using 

35 either an electromagnet with a given number of amp- turns, 
or a finite volume of permanent magnetic material of known 
remanence, or a combination of the two. Both magnetic 
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field generating methods are characterised by a practical 
limit on the magnetic energy stored in the magnetic 
circuit. Therefore it is clear that to maximise the NMR 
signal the designer has to choose a magnet circuit (ie: 
5 magnet geometry) that achieves a satisfactory trade-off 
between field intensity and the size of the SV, which in 
turn is defined by the pulse bandwidth and the BO field 
inhomogeneity, the former of which must be maximised and 
the latter minimised. 

10 Further examples of the useful applications of inside- 

out NMR are in the field of extremely open-access MR 
imaging as described in US-A-4689591 , US-A-4701736, US-A- 
5023554, US-A-5117188, US-A-5744960 , US-A-5959454 , EP-A- 
0512345. In general these systems have not been 

15 implemented due to inadequate imaging performance or the 
cost involved in overcoming other technical difficulties. 
Specifically, it proves very difficult to provide an 
external magnetic field with properties comparable to that 
of a whole body solenoid system or C-magnet. 

2 0 In comparison to bulk NMR measurements, the variation 

of the NMR signal properties across the measurement volume 
are used to create an image. The NMR signals are spatially 
encoded in the frequency-phase domain ("k- space") using 
user-applied pulsed magnetic field gradients and the image 

25 is reconstructed from the bulk NMR signal by Fourier 
Transformation. MRI is the established imaging method of 
choice for many types of clinical diagnosis. 

These open access systems can be used by clinicians or 
surgeons seeking to carry out diagnostic, surgical or 

30 therapeutic tasks during the imaging process; these 
procedures are referred to collectively as Interventional 
MRI. I-MRI allows many operations to be carried out with 
minimum trauma, such as image guided biopsy and minimally 
invasive surgery. Finally there is increasing interest in 

35 taking MR images of the musculo- skeletal system under load 
(i.e.: with the patient sitting, standing or exercising). 
All of these MR imaging applications would benefit from 
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more open access than that available from a solenoid or C- 
magnet . 

In addition to these advantages, further less apparent 
advantages are achieved. An example is the ability to 

5 exploit the so-called "magic angle effect". Certain body 
tissues exhibit strong anisotropy in terms of their NMR 
'response: the long-chain molecules in collagen are aligned 
along tendons and ligaments. When these organs are aligned 
at the "magic angle" of 55 degrees to the BO field 

10 direction they generate a strong NMR signal. At other 
angles they generate little or no signal ("Orientation of 
tendons in the magnetic field and its effect on T2 
relaxation times", Fullerton et al, Radiology, 1985; 2:433- 
435) . It is advantageous to collect this signal as it may 

15 contain information of diagnostic value. However, the 
restrictive nature of conventional whole body machines, 
even the current generation of C-magnet open access 
machines, means that it is either very difficult or 
uncomfortable, or often physically impossible for the 

20 patient to achieve a posture that orients the tendon or 
ligament of interest at the magic angle to the B0 magnetic 
flux direction. The even more limited access of many 
dedicated orthopaedic or extremity imaging systems is 
similarly preclusive. The extremely open access designs 

25 presented here solve this problem and allow magic angle 
imaging . 

As a consequence of their open geometry and Maxwell 1 s 
Divergence Theory all external-field NMR magnets, are 
characterised by having reduced static magnetic field flux 

30 density with poor homogeneity in the measurement volume 
when compared to an internal -field NMR instrument having 
similar stored magnetic energy. The designer of an 
external -field system is therefore faced with a difficult 
optimisation problem: to balance many conflicting 

35 performance requirements, such as providing adequate NMR 
signal strength, with acceptable power consumption, 
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suitably uniform signal distribution across the sample, and 
practical construction, all at acceptable cost. 

By way of demonstrating the limitations of prior art 
extremely open-access MR I systems, let us compare the 
5 energy stored in the magnetic field of a conventional whole 
body solenoid with that in an equivalent flat magnet. In 
the case of down-hole tools the stored energy available is 
limited by the space constraints (in the case of permanent 
magnets) or power constraints (in the case of 

10 electromagnets) . In the laboratory or medical environment 
these constraints are largely removed and systems with much 
higher stored magnetic energy can be utilised. The new 
limits therefore become the practical engineering design 
considerations such as magnetic forces, hoop-stress in 

15 windings, "quench" (reversion to resistive state) energy 
management, and of course, cost. However, stored magnetic 
energy is still a useful "rule of thumb" measure of the 
engineering difficulty and likely cost of a superconducting 
magnet . 

20 Consider a solenoid magnet with a bore diameter of lm 

and axial length of 2m, and a field strength of 0 . 5T having 
about 50 parts-per-million (ppm) variation over a 40cm 
diameter spherical volume (DSV) situated at the magnet 
isocentre; these are typical values for a commercial 

25 machine. This solenoid stores about 0.2MJ of energy. A 
flat magnet designed according to the methods of US-A- 
4701736 has overall diameter 3m, a field strength of 0.5T 
and a 14cm DSV with the same homogeneity and field strength 
as the solenoid, centred at a distance offset 21cm from the 

30 face of the magnet. The flat magnet stores 20MJ - 100 
times as much as the solenoid. This is the price paid for 
open access. 

Such problems as magnet stresses and quench energy 
management can be eased by operating at a lower magnetic 
35 field strength. Unfortunately, without making other 
changes this leads to a reduction in signal-to-noise ratio, 
caused principally by a reduction in the NMR signal 
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strength, and an increase in l/f noise. As described in 
"The Intrinsic Signal-to-Noise Ratio in NMR Imaging" , 
Edelstein, W. et al, Magnetic Resonance in Medicine, 3, 
604-618, 1986, the signal-to-noise ratio (SNR) of an MRI 
5 measurement depends on many factors, but in general scales 
as the 7/5 power of BO field strength at lower frequencies 
where the receiver antenna losses are significant, falling 
to a linear dependence at higher frequencies when antenna 
losses become insignificant. Open access magnets tend to 

10 operate at lower field strengths (0.2 to 0.5T) which is 
generally in the 7/5 region. Therefore any reduction in 
field strength has a very adverse effect on SNR. 

In accordance with one aspect of the present 
invention, a magnetic field generating assembly comprises 

15 a magnetic field generation system for generating, in a 
first mode, a first, relatively strong static magnetic 
field in a working volume located outside the assembly, and 
for generating, in a second mode, a second, static magnetic 
field in the working volume in a second mode, wherein in 

2 0 the second mode the magnetic field in the working volume is 
weaker but more uniform than the first relatively strong 
magnetic field. 

In accordance with a second aspect of the present 
invention, a method for measuring bulk NMR properties of a 

25 sample comprises: 

(i) operating a magnetic field generating assembly 
including first and second magnetic field generators to 
apply a relatively strong, generally non-uniform static 
magnetic field in a working volume located outside the 

30 assembly and containing a sample, for a duration longer 
than the longest spin-lattice (Tl) relaxation time of the 
material of interest in the sample to allow enhanced 
magnetization to build up in the sample; 

(ii) operating the first and second magnetic field 
35 generators to apply a weaker but much more uniform static 

magnetic field across said working volume, the change in 
static magnetic field occurring in a time shorter than the 
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shortest spin-spin (T2) relaxation time of the material of 
interest in the sample, but longer than the Larmor period; 

(iii) applying a suitable sequence of RF pulses to 
generate NMR signals; 
5 (iv) detecting and recording the NMR signals; and 

(v) processing the recorded data to calculate bulk 
NMR properties. 

In accordance with a third aspect of the present 
invention, a method for generating an image of a subject 
10 comprises : 

(i) operating a magnetic field generating assembly 
including first and second magnetic field generators to 
apply a relatively strong, but generally non-uniform static 
magnetic field in a working volume located outside the 

15 assembly and containing an imaging sample, for a duration 
longer than the longest spin- lattice (Tl) relaxation time 
of the material of interest in the sample to allow enhanced 
magnetisation to build up in the sample; 

(ii) operating the first and second magnetic field 
20 generators to apply a weaker but much more uniform static 

- magnetic field across said working volume, the change in 
static magnetic field occurring in a time shorter than the 
shortest spin- spin (T2) relaxation time of the material of 
interest in the sample, but longer than the Larmor period; 
25 (iii) applying a suitable sequence of RF and gradient 

pulses to encode the image information in NMR signals; 

(iv) detecting and recording the NMR signals; and 

(v) processing the recorded data to form an image. 
We have appreciated that the B0 properties of high 

30 field intensity and high homogeneity are not required 
simultaneously by the MR measurement. In this technique 
the first magnetic field generator must be capable of 
providing a strong, yet not necessarily homogeneous, field 
to build up magnetization in the sample which is then 

35 switched to a weaker but more homogeneous field for read- 
out of the NMR data. 



WO 02/056047 



PCT/GB02/00111 



10 

This invention eases the design constraints of 
external -field NMR systems by using the principle of pre- 
polarization. Pre-polarization recognises that NMR 
measurements only require a uniform magnetic field for the 
5 measurement or read-out phase. A much less uniform field 
can be used in the pre-polarization phase before 
measurements when the magnetization builds in the sample. 
This means that the magnet geometry can be temporarily re- 
configured (either by moving permanent magnets or switching 

10 currents in electromagnets) to provide a pre-polarization 
field which is much stronger than the measurement field 
without requiring an increase in stored energy. Generating 
the strong pre-polarization field, which boosts NMR signal 
and improves performance, in this way is more cost 

15 effective than adding extra hardware. 

This has also been discussed in Macovski, et al (US 
5057776, US 5835995 and "Novel Approaches in Low Cost MRI", 
MRM 30:221-230, 1993) but Macovski use physically separate 
electromagnets for generating the pre-polarization and 

20 readout fields in conjunction with a conventional internal 
field system. Practical embodiments using electromagnets 
require that the pre-polarization coil surrounds or is 
placed in close proximity to the imaging region, to 
maximise gauss/amp efficiency. The current in one 

25 electromagnet is turned on to provide the pre-polarization 
field and then turned off for the read-out phase. The 
current in the other magnet is either on continuously, or 
switched on for the read-out phase. The electromagnets may 
be either resistive or superconducting. In summary, all 

30 examples given by Macovski relate to "internal field" 
hardware and additional hardware is added to achieve the 
pre-polarization field. 

The present invention has recognised that the pre- 
polarization approach enables extremely open access systems 

35 to be developed using substantially flat magnetic field 
generating assemblies with stored magnetic energy and image 
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quality similar to whole body solenoids of the same field 
strength. 

In well logging applications the magnetic field 
generators could comprise electromagnets, but preferably 

5 they comprise relatively re-positionable permanent magnets. 

There appears to be only one instance of the use of 
the pre-polarization technique in the field of NMR well 
logging: Schlumberger 1 s NML tool. In the NML tool the 
uniform field needed to make NMR measurements was provided 

10 by the Earth 1 s magnetic field, and the stronger but less 
uniform field needed for pre -magnetization was provided 
from a pulsed electromagnet. However, this system suffered 
from many disadvantages: the high power consumed by an 
electromagnet generating the pre-magnetization field 

15 limited -its applicability in the field; the tool was not 
sensitive to shorter T2 components, (due to the overload 
recovery characteristic of the sensitive receiver 
electronics after application of the pre-polarization 
pulse) ; and, ironically, the excellent homogeneity of the 

2 0 Earth's field, used as the measurement field for the NMR 
echo acquisition, afforded no spatial selectivity, so that 
intense NMR signal originated from the mud filling the 
borehole, which was of no interest, but which swamped the 
signal from the fluid in rock pores. To overcome the 

25 latter problem, the borehole mud had to be doped with 
paramagnetic ions to shorten the unwanted signal's decay 
time to less than the tool's pulse recovery period. A 
similar system is described in US-A-3667035 . 

There are a number of differences between the 

30 preferred well logging embodiments according to the 
invention and the prior art apparatus. For example, the 
preferred well logging embodiments of the present invention 
generate both the pre-polarization and measurement magnetic 
fields from their own permanent magnets, which has several 

35 advantages including improved SNR and control over the 
spatial location of the SV; they use spin-echo NMR 
measurements in place of free induction techniques allowing 
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measurements to be made in relatively inhomogeneous static 
magnetic fields (typically several thousand parts per 
million) ; and finally they use permanent magnets in 
preference to electromagnets, for the following reasons. 

5 Resistive electromagnets use too much power - the 
electrical power that can be delivered to a wireline 
instrument several kilometres underground is severely 
limited by wireline cable dissipation. Superconducting 
magnets are impractical because the high- temperature down- 

10 hole environment generally renders the cryogenic systems 
needed to cool them thermodynamically impractical. 

In MR applications, although the first magnetic field 
generator could comprise a permanent magnet, preferably it 
comprises an electromagnet while preferably also the second 

15 magnetic field generator comprises an electromagnet. When 
both comprise electromagnets, in the first mode of 
operation the current amplitude and direction in the second 
electromagnet is chosen so that the combined static 
magnetic field of the two magnets is strong but generally 

20 non-uniform across the working volume while in the second 
mode, the current amplitude and direction in the second 
electromagnet is chosen so that the combined field is 
weaker but more uniform. In some cases, in the second mode 
of operation, the second magnetic field generator will 

25 generate no field. The embodiments of the present 
invention for MRI generally utilise superconducting 
electromagnets, however, for low-field/low-cost 
applications, iron-yoked resistive electromagnets or hybrid 
permanent and electromagnet systems may be more cost 

30 effective. 

Preferably, the electromagnetic assembly is surrounded 
by a switched shield coil that is de-energised in the 
second but energised in the first mode so that it has 
magnetic moment substantially equal and opposite to the 

35 combined magnetic moment of the first and second magnetic 
field generators in the first mode. This reduces the 
external stray field. 
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Examples of apparatus and methods in accordance with 
the invention will now be described with reference to the 
accompanying drawings (which are not to scale), in which: - 
Figures 1A-1C are a depiction of the CPMG NMR 
5 measurement sequence for use in a conventional well logging 
tool / 

Figures 2A-2C are a depiction of the CPMG NMR 

measurement for a reduced diameter well logging tool 

without the method of the invention; 
10 Figures 3A-3C are a depiction of a CPMG NMR 

measurement for a reduced diameter well logging tool with 

an example of the method of the invention; 

Figure 4A shows a first embodiment of apparatus in the 

pre -magnetization state, shown in longitudinal section; 
15 Figure 4B shows the same apparatus in the measurement 

state; 

Figure 5A shows a second embodiment of apparatus in 
the pre -magnetization state, shown in longitudinal section; 
Figure 5B shows the same apparatus in the measurement 
20 state, in transverse section across the centre plane, A- A; 

Figure 5C shows the same apparatus in the measurement 
state, in longitudinal section; 

Figure 6A shows a third embodiment of apparatus in the 
pre -magnetization state, shown in transverse section; 
25 Figure 6B shows the same apparatus in the measurement 

state; 

Figure 7 A shows a fourth embodiment of apparatus in 
longitudinal section; 

Figure 7B shows the same apparatus in transverse 
30 section across the centre plane B-B, in the pre- 
polarization state; 

Figure 7C shows the same apparatus in transverse 
section across the centre plane B-B, in the measurement 
state; 

35 Figures 8 and 9 show a fifth embodiment for an NMR 

surface investigator probe; 
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Figure 10 shows a plan view of the "butterfly" 
gradiometer antenna arrangement for the embodiment of 
Figures 8 and 9;' 

Figure 11 is a perspective view illustrating a sixth 
5 embodiment of the invention: a one-sided MR imaging magnet; 

Figure 12 is a schematic cross-section of the one- 
sided MRI magnet, showing positions of the coils; 

Figure 13 shows a field profile across a 20 x 20 cm 
slice in the YZ plane through the sensitive volume in read- 
10 out mode; 

Figure 14 shows a field profile across the same 20 x 
20 cm slice in the YZ plane through the sensitive volume in 
pre-polarization mode; 

Figure 15 shows a field profile across a 20 x 20 cm 
15 slice in the XY plane through the sensitive volume in read- 
out mode; 

Figure 16 illustrates a smaller scale one-sided magnet 
in a typical application for imaging of the spine; 

Figure 17 is an example of a suitable circuit for a 
20 one-sided MRI magnet; 

Figure 18 is a perspective view of one-sided RF 
antenna in the plane of the one-sided MRI magnet; 

Figure 19 is a perspective view of pair of zero- 
coupling one-sided RF antennas in the plane of the one- 
25 sided MRI magnet; 

Figure 20 is a perspective view of X axis gradient 
coil in the plane of the one-sided MRI magnet; 

Figure 21 is a perspective view of Y axis gradient 
coil in the plane of the one-sided MRI magnet; 
3 0 Figure 22 is an example of a suitable spin-warp 

imaging pulse sequence using an applied Z -gradient for 
slice selection; 

Figure 23 is an example of a suitable spin- warp 
imaging pulse sequence using the pre-polarization field 
35 gradient for slice-selection; and, 

Figure 24 shows examples of simulated images of a 
"phantom" sample generated from the preferred embodiment of 
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the one-sided MRI magnet with and without pre-polarization 
enhancement . 

The present invention is particularly concerned with 
a method and apparatus to improve performance of external - 

5 field NMR instruments by pre-polarization* The first 
category of embodiments overcome the loss of NMR signal 
caused by scaling down NMR well logging tools to suit small 
hole diameters, (embodiments shown in Figures 4 to 8) . The 
second category of embodiments improve performance of one- 

10 sided extreme open- access MR imaging systems (embodiment 
shown in Figures 11 to 24) . 

The method involves switching the static field between 
two states: a strong, inhomogeneous "pre-magnetization" 
field that can be sustained for long enough to build the 

15 magnetization to an enhanced level, and a weaker, more 
uniform "read-out" field applied during the NMR measurement 
(i.e. : during the RF pulse sequence) . 

In the first category, the embodiments shown have a 
first state in which the limited stored magnetic energy is 

2 0 used to maximise the field intensity within the sensitive 
volume (without regard to field homogeneity, which 
consequently decreases) during the pre-magnetization 
period, and a second state in which the magnetic circuit is 
re-organised so that the same stored magnetic energy is 

25 used to optimise magnetic field homogeneity (without regard 
to field intensity, which consequently decreases) during 
the measurement pulse sequence. The two instrument states 
may be achieved using switched currents in electromagnets, 
but in the preferred embodiments in the first category, and 

30 in comparison to the prior art, they are implemented using 
mechanically re-positioned permanent magnets. 

The preferred embodiments now described with reference 
to the figures are: in the first category, various slim- 
hole wireline logging tools featuring fixed and moveable 

35 permanent magnets; in the second category, as extremely 
open-access MR imaging system using a "flat" magnet with 
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variable and fixed current superconducting HTS coils 
suitable for spine, brain and extremity imaging. 

As previously described, the net result of the 
switched field pre-rnagnetization method is enhanced NMR 
5 signal. This is illustrated in Figures 1 to 3. Figure 1 
schematically presents the evolution of magnetization 
during the application of a CPMG RF pulse sequence in a 
conventional NMR well logging tool. As will be known to 
those skilled in the art, CPMG comprises an initial wait 

10 period, TW, during which magnetization builds up in the 
sample (1, Figure 1) as spin 1/2 nuclei (which have a 
magnetic moment) gradually align with the magnetic field 
with spin-lattice time constant Tl. This pre-magnetization 
period is followed by a "tipping" RF pulse at the Larmor 

15 frequency (la, Figure 1A) , which effectively "tags" 
hydrogen nuclei in fluids within the rock pores where the 
local magnetic field is close to resonance, defining the 
SV. This is followed by a series of "re-focusing" RF 
pulses (lb) , which reverse phase dispersion in the nuclear 

20 spin system of time constant T2* caused by magnetic field 
inhomogeneity, thus initiating subsequent momentary re- 
creations of the initial magnetization equilibrium state 
and forming spin-echoes (2a, 2b, 2c, Figure 1C) . The 
variation in spin- echo amplitudes over time depends on the 

25 spin-spin (T2) relaxation time constant of the sample, 
which is of interest. A full description of the use of the 
CPMG sequence in well logging tools is given in US-A- 
5023551. 

Figure 2 shows the same sequence applied to a reduced 
3 0 diameter version of the same apparatus. The precise magnet 
geometry is not important. The reduced instrument 
dimensions results in a smaller volume of magnetic 
material, and hence the stored magnetic energy is reduced. 
Therefore to maintain the same volume in the SV (defined by 
35 the RF bandwidth and field homogeneity) , the magnetic field 
is substantially weaker than in the full-size apparatus of 
Figure 1. This results in weaker magnetization (3, Figure 
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2B) and hence in a weaker NMR signal (smaller echoes, 4a, 
4b, 4c, Figure 2C) . 

Figure 3 shows the same sequence applied to the 
reduced diameter apparatus of Figure 2, but in which the 
5 pre-polarization method of the invention has been used to 
maximise the magnetic field intensity and hence increase 
the sample magnetization during interval TP of the wait 
period TW, thus increasing the magnetization (5, Figure 3B) 
and largely restoring the NMR signal strength to that 
10 achieved with the full-scale apparatus (6a, 6b, 6c, Figure 
3C) . 

Figures 1A, 2A and 3A show the timing of RF pulses; 
is half the inter-echo / inter-pulse period, T x is the 
tipping pulse duration for a 90 degree tipping pulse, R Y is 

15 the re- focusing pulse duration, typically 180 degrees in 
CPMG. The RF pulse subscripts X and Y denote the axis in 
the rotating frame along which the RF pulse acts, assuming 
the static field is oriented along Z, as will be familiar 
to those skilled in the art. Figures IB, 2B and 3B show 

20 the evolution of the net longitudinal magnetization 
component (the component lying along the static magnetic 
field) , and Figures 1C, 2C and 3C show the evolution of the 
net transverse magnetization component (the component lying 
perpendicular to the static magnetic field and contributing 

25 to the NMR signal), both summed over the sample volume. 

In Figure 3C it can be seen that the echo amplitudes 
(6a-c) are enhanced compared to Figure 2C (4a-c) . In the 
presence of the same level of stochastic noise it is 
apparent that the SNR will be improved. 

30 An important consideration of this switched- field 

pre-polarization concept is the speed with which the field 
can be switched from one state to the other: this must be 
fast enough that the magnetization intensity built up 
during the pre-polarization phase does not have time to 

35 relax to the weaker field equilibrium value before 
measurement, yet not so fast that the field change induces 
resonance effects which would cause the magnetization to 
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precess about the magnetic field, as it does after an RP 
pulse. The second condition is met if the field change 
occurs is an adiabatic fast passage (AFP) , ie: faster than 
Tl but slower than the Larmor period. 

5 It should be noted that the direction of the magnetic 

field during the pre-magnetization period is unimportant. 
The aim is merely to build up the maximum possible 
magnetization across the SV. However, when the field 
switches into the measuring state the magnetic field must 

10 be substantially orthogonal to the RF field, as usual. If 
the transition from one field state to the other is an AFP, 
then the magnetization direction will smoothly track the 
applied field without precessing, so that it will be 
aligned along the weaker measuring field at the. end of the 

15 transition, ready for the application of the tipping pulse 
of a measuring sequence. The change in the magnitude of 
the magnetization is controlled by Tl, which is generally 
of the order of hundreds milliseconds to many seconds for 
fluids, and the Larmor period is typically tens of 

20 nanoseconds to microseconds, so this condition is easily 
satisfied if the field transition occurs in a few tens to 
hundreds of milliseconds. In that case the magnetization 
magnitude will be substantially larger during the 
subsequent measurement than it would have been had the 

25 magnetization been initially allowed to build up with only 
the weak measuring field applied. 

It was stated previously that the design of the static 
magnetic field for a borehole NMR tool must achieve a 
trade-off between a field that is strong enough to provide 

30 sufficient magnetization, yet homogeneous enough to provide 
an acceptably large sensitive volume within the pulse power 
limits. As the diameter of the tool decreases it becomes 
increasingly difficult to achieve this trade-off, and below 
about five and a half inches diameter it has not been 

35 achieved in a commercial tool. A simple scaling down of 
the existing designs reduces the NMR signal much more than 
it reduces the thermal noise in the receiver system, so 
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that the SNR becomes too small. Averaging of the data from 
successive measurements can be used to improve SNR, of 
course, but only in proportion to the square-root of the 
number of data sets averaged, so a reduction in SNR by a 
5 factor of four requires sixteen times more averaging. If 
the tool is moving up the well -bore continuously whilst 
logging, then either the logging speed must be 
substantially reduced in comparison with larger diameter 
tools, or a very large reduction in the vertical resolution 
10 must be accepted. Neither of these are commercially 
acceptable. 

A further constraint in a borehole tool, or other 
system with limited power available, is that the field 
change does not involve switching on an electromagnet to 

15 superimpose an additional field onto that from the 
permanent magnets. 

A final constraint specific to a small diameter 
borehole tool is that the measurement field, which is 
intentionally made uniform to maximise the size of the SV 

20 yet becomes weak in the process, is not so weak that the 
superposition of the Earth's magnetic field distorts it 
significantly. 

These design constraints can be met if a permanent 
magnet array is designed with one or more physically 

25 moveable elements. The moveable element is moved from one 
position to another in a controlled way, within the 
acceptable time limits described above, to re-arrange the 
magnetic circuit and switch between the two magnetic field 
states. This arrangement can be achieved in a number of 

30 ways, and some examples are shown in Figures 4 to 8 . 

Referring to the embodiment in Figures 7A to 7C by way 
of illustration, where a cylindrical co-ordinate system RZ¥ 
is used to described the geometry, with the Z axis along 
the long axis of the tool, the R axis radial and the ¥ axis 

35 azimuthal. The NMR sensor is based on the apparatus of US- 
A-4710713, but is only 60mm in diameter and incorporates 
improvements and modifications, in particular the addition 
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of the moveable magnet element. The sensor is placed 
within a cylindrical metallic pressure housing (65) and 
lowered into the borehole (63) . The sensor is centralised 
in the hole by means of mechanical arms or springs (not 

5 shown) because the sensitive volume is a cylindrical shell 
(55) . The cylindrical magnet array is made from high 
energy rare earth material, such as NdFeB or SmCo and 
comprises a fixed outer magnet (51) and a moveable inner 
magnet (52) • Both magnets are magnetized across their 

10 axis, as shown by the solid arrows in Figures 7B and 7C, 
and the inner element can be rotated through at least 180_ 
(Figure 7C, 60) so that their fields either add or 
subtract. The magnetic field produced in the two states 
has a dipole-like shape in the transverse R¥ plane, as 

15 shown in Figure 7B (67) . A rotary solenoid or stepper 
motor (62) can be used to achieve the rotation in the 
correct time in a controlled fashion. Of course many other 
methods of actuation are possible, such as hydraulic, 
pneumatic, mechanically stored energy, such as a spring or 

20 memory metal, or piezo-electric or thermal expansion for 
embodiments that require smaller movements. There will be 
a substantial force for several Newtons to overcome in 
rotating the magnets. In the measurement state the magnet 
assembly is stable, requiring no holding force, and in the 

25 pre-magnetization state the assembly is meta-stable, 
requiring no holding force unless perturbed. The inner and 
outer magnets would typically be made by stacking smaller 
ring-shaped elements. In general it is preferred to move 
the inner magnet and leave the outer one fixed, but this is 

30 not a limitation of the invention. 

In the embodiment of Figure 7B the pre-magnetization 
or pre -polarization field has an intensity of 400 Gauss in 
the centre of the SV (55) at a radius of 85mm (58) , and the 
field intensity falls away with distance from the magnet 

35 such that the static field gradient across the SV is 
approximately 130 Gauss/cm. The relative diameters of the 
inner (52) and outer (51) magnets are selected so that in 
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the measurement state (Figure 7C) the field from the inner 
magnet cancels a large proportion of the field from the 
outer magnet, such that the measurement field is much less 
intense than the pre-magnetization field, but the field 
5 gradients are also substantially reduced. The measurement 
field must, however, be large compared to the Earth's field 
(approximately 0.5 .Gauss, depending on geographic 
location) . In the embodiment of Figure 7C the measurement 
field at the centre of the SV (radius 85mm) is 30 Gauss, 

10 and oriented in the same direction as the pre-magnetization 
field (although this is not a requirement of the 
invention) . The inner magnet therefore cancels about 90% 
of the field from the outer magnet. However the radial 
gradient of the static measurement field is now only 9 

15 Gauss/cm. 

In order to appreciate how the reduced gradient of the 
measurement field increases the radial thickness of the SV 
let us consider the bandwidth covered by a typical RF re- 
focusing pulse for a practical logging tool. Typically the 

20 peak RF power that can be transmitted by the antenna of a 
practical logging tool is limited to a few tens of 
kilowatts. . This is sufficient to generate RF pulses of 
typical duration tens of microseconds in which the 
amplitude of the oscillating magnetic field generated in 

25 the SV, at the Larmor frequency defined by the ambient 
field in the SV, is a few Gauss (G) . The precise amplitude 
and duration of the pulses depends on the antenna design 
and dissipation characteristics of the borehole and 
formation, but the pulses are controlled by the system's 

30 electronics to generate the required rotation of the 
magnetization, as described above. By way of example, let 
us assume the re-focusing pulse duration is 30\xS. The 
effective bandwidth of the RF pulse is therefore 
approximately 33kHz (bandwidth = 1 / pulse length) . The 

35 gyromagnetic ratio of hydrogen is 4.258 kHz/G, so the RF 
pulse must be applied with a frequency 4.258*30 = 127.7kHz 
to tip and re-focus magnetization in the SV. The thickness 
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of the SV can be calculated from the RF bandwidth and 
static field gradient: 

9 Gauss/cm implies 4.258*9 = 38.3 kHz/cm, so the radial 
5 thickness is 33/38.3 « 8.7mm 

If one were to attempt to make the NMR measurement by- 
applying RP pulses in the pre -magnetization field the 
radial thickness of the SV would only be: 

10 

130 Gauss/cm implies 553.5 kHz/cm, so SV radial thickness 
= 33/553.5 = 0.6mm 

This is much too thin for practical measurements if 

15 the tool is moving during the pulse sequence, because the 
conditions for correct re- focusing of spin echoes would not 
be maintained across the SV. Furthermore the volume of the 
SV would only be 7% of its volume if the RF pulses were 
applied in the measurement field and the NMR signal would 

2 0 be reduced in proportion. A further problem is that the RF 
pulses would have to be applied at a Larmor frequency of 
4.258*400 = 1.7MHz, and the high voltages present in the 
antenna system scale directly with antenna impedance, which 
rises with frequency. 

25 Therefore it is clear that there are many advantages 

in applying the RF pulse sequence when the tool is in the 
measurement field state. Conversely however, if the. magnet 
array were permanently in the measurement state, so that 
the magnetization built up only in the measurement field, 

30 then the NMR signal would be reduced by the ratio of the 
measurement and pre-magnetization states, i.e.: to 30/400 
= 7.5% of the signal that would have been achieved if the 
magnetization had built up in the pre-magnetization field 
state. Therefore the advantage of the greater sensitive 

35 volume in the measurement state is cancelled by reduced 
magnetization. It is therefore clear that the magnetization 
must build up in the strong (400 G) , non-uniform (130 G/cm) 
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pre -magnetization field, and the RF pulse sequence and NMR 
measurement must be made in the weaker (30 G) , but more 
uniform (9 G/cm) measurement field. This can be achieved 
with the moveable magnet of the invention. 
5 In an alternative embodiment the ratio of the inner 

magnet to outer magnet diameters could be made larger so 
that the inner magnet field completely over-powers that of 
the outer magnet in the measurement state, creating a 
measuring field with similar intensity to that of the 

10 embodiment described above, but in the opposite orientation 
to the pre-magnetization field. Note that, unlike the 
apparatus of US-A-4717877, the external magnetic field is 
not reduced to zero when the inner and outer magnets are 
opposed, but rather to a weaker intensity. 

15 The magnet array could be made of ferfite permanent 

magnet material as described in US-A-4710713 , but the much 
lower volume of magnet material in this small diameter tool 
means that a material with inherently higher remanence 
confers a major advantage. The magnet material should have 

20 sufficient coercivity to resist de -magnetization when the 
fields from the two magnets are in opposition. The 
required properties are offered by rare earth materials 
such as SmCo and NdFeB alloys. SmCo is particularly 
suitable for high temperature environments because of its 

25 improved temperature stability, but the higher remanence of 
some NdFeB grades is preferred in lower temperature 
applications. Both materials have sufficient coercivity to 
resist de-magnetization effects. The exact properties, 
such as remanence and coercivity, of magnet materials used 

3 0 for the various parts of the magnet array need not be 
identical. The example described above is based on a 
magnet array made from high energy product sintered NdFeB 
material . 

A problem with rare earth magnets compared to ferrite 
3 5 is that they are highly conductive. If the RF antenna has 
to encompass or lie close to the magnet structure then the 
RF pulses will induce unacceptable eddy currents in rare 
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earth magnets, wasting power and reducing the gauss/amp 
efficiency of the antenna. 

For this reason it is necessary to place a layer of 
magnetically soft (i.e.: having substantial effective 

5 permeability) ferrite (53) between the RF antenna windings 
(54, 56) and the conductive magnets to carry the RF 
magnetic flux, as described in EP-A-0932055 . Care must be 
taken that the grade of soft ferrite is chosen correctly so 
that the ferrite does not saturate due to the combined 

10 magnetic fields of the permanent magnet array in 
measurement mode and the RF pulse. When the tool is in the 
pre -magnetization state the static field is so intense that 
in general any grade of ferrite will be saturated and have 
no effective permeability (shown pictorially as 57 in 

15 Figure 7B by the lack of shading) but this is not a 
particular problem because typically no RF pulses are 
applied in the pre-magnetization mode in the method of the 
invention. However, when the field is in the measuring 
state the soft ferrite can be placed around the magnets in 

20 the positions shown in Figures 7B and 7C, where 
calculations (carried out using the finite element method) 
show that it will not saturate and will thus provide a 
return path for the RF magnetic flux (59) . In general it 
is found that the ferrite retains enough permeability to 

25 enhance the efficiency of the antenna compared to a 
conventional antenna with an air or permanent ferrite 
magnet core. Therefore the switched magnet system confers 
the additional benefits of (a) allowing the use of rare- 
earth materials for the magnet array, giving stronger 

30 fields per unit volume than ferrite permanent magnets, and 
(b) using soft- ferrite in the RF antenna, giving improved 
antenna efficiency. 

Referring again to Figure 7A, one-piece end- cap 
magnets (50) are used to shape the magnetic field, ensuring 

35 that the magnetic field intensity in the measurement state 
at the radius of the cylindrical SV is constant along a 
substantial proportion of the axial length of the magnet 
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array. Therefore the SV shell (55) forms at a uniform 
radius and falls within the formation rocks and not in the 
borehole (64) . The SV shell must have a uniform diameter 
along its entire length if the tool is to be operated when 

5 moving up the borehole, otherwise ,! out-flow" effects will 
create errors in the T2 data. The axial length of the SV 
can be made as long as desired simply by extending the 
length of the sensor until the required single-shot SNR is 
achieved. The end cap magnets (50) do not need a rotating 

10 element as their field contribution is only significant in 
the measurement state. A through-hole (80) is provided 
through the entire magnet assembly for feed- through wiring. 

There are several geometry options for the RF antenna, 
falling into two major classes. As shown in Figures 7A to 

15 7C one or more conducting loops (54) may formed in a loop 
in the RZ plane, around the magnet structure, and oriented 
so the dipole-like RF field (59) produced in the R¥ plane 
is rotated by 90 degrees with respect to the magnet field 
(67) , such that the RF field flux is generally orthogonal 

20 to the static field flux at all points. Alternatively one 
or more conducting loops may be placed around the magnets 
in the R¥ plane (56 in Figure 7A) which produce RF flux 
oriented in the axial Z direction. In a preferred 
embodiment one type of coil is used for transmitting the RF 

25 pulses and the other type for receiving the NMR echo 
signals. The coils are mutually orthogonal and do not 
couple significantly. Their respective design can be 
optimised for the different tasks of transmit and receive. 
In both cases the conducting loops of the antennas are 

3 0 positioned to create fields that have the optimum geometry 
and efficiency, following design guidelines familiar to 
those skilled in the art. 

The geometries chosen for the transmit and receive 
antennas in a twin antenna system can be swapped over, 

35 depending on which arrangement is found to provide the best 
performance, or the same antenna can be used with a 
transmit-receive switch, as described in the prior-art. 
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An RF transparent window (66) made from a non- 
conducting material such as fibreglass is provided in the 
pressure housing (65) . Only the antennas and ferrite layer 
need to be outside the metallic housing (through which RP 
5 fields cannot penetrate) , whilst the magnets can be kept at 
atmospheric pressure within the a hermetically sealed 
pressure housing - this solution is adequate for shallow 
holes. For deeper holes, it would be preferable to fill 
the sensor assembly, including the stepper motor, with a 

10 hydraulic fluid, such as silicone oil, and balance the 
interior pressure with the external borehole pressure by 
means of a diaphragm or bellows and a vent hole - a method 
well known to those versed in the art (not shown in 
Figures) . If correctly designed the oil could also convey 

15 the benefit of mechanically damping the magnet motion 
during the field switching process, ensuring smooth motion 
and minimum settling time. 

Standard electronics (not shown) is provided within 
the pressure housing above or below the sensor to generate 

20 RF pulses at the required time intervals and with the 
required phase, to receive NMR signals and to actuate the 
magnet position switching at the appropriate intervals. 
The downhole electronics can store measurement data to 
memory and/or send it to the surface, either by means of a 

25 wireline cable, mud-pulse telemetry system, or other down- 
hole communication device. Typical electronics and 
communications systems are described in US-A-4710713 , US-A- 
4933638 and US-A-5969527 . 

The method of the measurement is explained with 

30 reference to Figures 3 and 7. The logging tool is 
continuously moving up the bore-hole at a constant speed. 
The apparatus of Figure 7A is moved into the pre- 
magnetization state (Figure 7B) , in which the magnetic 
fields from the inner (52) and outer (51) magnets add, for 

35 a wait time TP (Figure 3C) that is preferably three to five 
times as long as the longest Tl of the formation fluids of 
interest. Magnetization builds up in the strong pre- 



WO 02/056047 



PCT/GB02/00111 



27 

magnetization field (67, represented by large hatched 
arrows) , which for the 60mm diameter tool in the example is 
typically 400 Gauss within the SV (55) , at a radius of 85mm 
(58) . The logging speed must be sufficiently slow that the 
5 apparatus remains substantially within the same formation 
for this period. The inner magnet (52) is then rapidly 
rotated by 180 degrees (60, Figure 7C) into the measurement 
position so that its field subtracts from that of the outer 
magnet, reducing it to a much weaker value (represented by 

10 smaller hatched arrows) , typically 3 0 Gauss at the same 
radius. This is still about sixty times the intensity of 
the Earth's field, so the effect of the Earth's field can 
be largely neglected. (Note that the arrow vectors used to 
represent the direction and intensity of the magnetic flux 

15 in the Figures are pictorial only, but larger vectors do 
represent more intense field. However, the flux density 
inside the magnets is very much larger than in the SV, so 
these vectors are scaled down.) 

The time taken to switch field states must fall within 

20 the limits described previously, but in practical terms the 
magnet rotation is made as fast as possible, as the minimum 
time to physically rotate a magnet cannot be less than a 
few milliseconds. The magnet system will take a short time 
to settle after switching, time period TS in Figure 3A, 

25 after which the tipping pulse T x in a CPMG sequence is 
applied, typically using the RZ plane antenna (54) . The 
measurement field has a much weaker radial gradient than 
the pre -magnetization field so the bandwidth of the tipping 
pulse "tags" spins over a cylindrical shell with 

30 significant volume (8 . 7mm millimetres radial thickness for 
a 30us pulse and the exemplary tool dimensions previously 
used) and a significant axial length (200 to 400mm or more, 
in proportion to the axial length of the main magnets) . 
The enhanced magnetization within the SV (55) is rotated 

35 into the transverse plane by the tipping pulse where it de- 
phases due to magnetic field inhomogeneity with time 
constant T2*. The rest of the CPMG sequence is applied as 
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normal, causing the transverse magnetization to 
repetitively re-focus and induce echoes (6a,b,c in Figure 
3C) in the receive antenna, typically the R¥ plane solenoid 
coil (56) , but the same antenna as used for transmitting RF 

5 pulses can be employed. 

In a typical inside-out NMR system the RF pulse power 
is so great that it causes significant electromagnetic 
"ringing" in the sensor, sometimes called "coil disease" by 
NMR practitioners. This ringing induces a signal in the 

10 receiver which can be larger than the NMR signal. If this 
is the case, it is usually possible to repeat the 
measurement sequence with the phases of the re -focusing RF 
pulses reversed, and to subsequently .subtract the data sets 
from the two measurement sequences. This will remove the 

15 ringing artefact from the re- focusing pulses, as well as 
any other baseline artefacts. This method, know as Phase 
Alternated Pair (PAP) acquisition, is well known in the NMR 
literature and described in US -A- 5023551 . If necessary, it 
can be applied here with the proviso that the magnet is 

2 0 switched back into the pre-magnetization state for duration 
TP before each individual CPMG sequence. 

The echo train data thus acquired can be analysed to 
separate the contribution from "free- fluid" in large pores 
(long time constants) and "bound- fluid" in small pores or 

25 clay (short time constants) . There is of course a limit to 
the shortest time constants that can be measured by this 
method related to the transition time from one field state 
to the other. This limitation can be overcome by 
interleaving the measurements taken by the switched- field 

30 method, which gathers high quality data on free-fluid, with 
a series of measurements carried out in a conventional 
manner in which the magnet system is held in one state 
(typically the measurement state) , to acquire data 
pertaining to the bound- fluid. Due to the fast -recovery 

35 nature of the bound fluids (which have short Tl) the 
magnetization recovery delay TW required in the pulse 
sequence is much shorter than in the switched field method 
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(tens of milliseconds compared to seconds) , and the number 
of pulses required per sequence is far fewer (tens rather 
than hundreds) , so the bound- fluid signal measurement can 
be repeated very often in a short time period, in the form 
5 of PAPs if necessary, and the results averaged to boost the 
NMR signal to the same level as for the switched field 
measurement. This approach is used to advantage for fast 
logging or measurement while drilling as described in US-A- 
5363041. The data from the two measurements can be 

10 combined according to the method described in "The 
Inversion of NMR Data Sets with Different Measurement 
Errors", Dunn, K. et al, J. Mag. Res. 140 , 153, 1999). 

The embodiment of Figures 4A to 4C is based on the 
sensor geometries described in US-A-4350955 , US-A-5471140, 

15 US-A-5488342 and US-A-5646528 . In such a conventional 
system, the main magnet poles (7) are positioned to produce 
an azimuthally symmetric region of relatively homogeneous 
magnetic field at the saddle point that occurs in the field 
in a toroidal volume around the sensor. The sensor is then 

20 centralised in the borehole. This approach has the 
disadvantage that the tool must be designed for the largest 
hole in which it will be used, which results in a large SV 
diameter to tool diameter ratio, is not conducive to good 
NMR signal strength with this particular magnet geometry. 

25 In general it is necessary to have two or more tool sizes 
to cover the range of hole diameters - an undesirable 
situation from a logistical and cost perspective. A 
potentially better alternative is to offset the tool in the 
hole and arrange that signal is acquired from one side 

30 only. This is achieved by means of changes to 'the magnet 
and RF system to make them azimuthally asymmetric. The 
sensor assembly is housed in a cylindrical metallic tube 
(16) with an RF transparent window (15) . Figures 5A to 5C 
show an alternative way of arranging the shim magnets as 

35 two concentric cylinders, magnetized across their axis. 

The probe body is held off-centre in the hole by 
mechanical means, such as a bow- spring (not shown) , so that 
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the window is held against the borehole wall (72) . The 
sensitive volume (71) is formed in the formation rocks. 
This configuration is often called a "pad" tool. However 
the pad tool version has the disadvantage of making less 

5 efficient use of the stored magnetic energy, i.e.: the SV 
is smaller for the same volume of magnetic material, 
compared to the centred version. The method of the 
invention is used to counter-act this disadvantage. 

These sensors are once again best described by a 

10 cylindrical co-ordinate system. As shown in Figures 4A and 
5C, the main magnets (7) can be tilted which enlarges the 
SV dimensions on one side of the tool and reduces then on 
the other side, and a shimming magnet or magnets (8, 9, 13) 
is used to offset the SV (described in US-A-5488342) . The 

15 optimum tilt angle is determined by finite element 
modelling of the magnetic field. The RF system is designed 
to be sensitive only to the enlarged SV on the formation 
side of the tool. This may be achieved as follows. Firstly 
the azimuthal aperture of the RF transparent window 

20 subtends only a portion of the housing and is positioned 
against the borehole wall, so the RF field is restricted by 
the window. There are then a number of choices for RF 
antennas. A single antenna may be used for both transmit 
and receive or twin antennas may be used. The one-sided 

25 version of the geometry allows the option of orthogonal 
antennas - not possible in the conventional symmetric 
version. One antenna is formed from one or more conducting 
loops in the R*F plane (11) , producing RF flux (12) in the 
Z direction in the SV (71) . The second antenna is formed 

30 from one or more conducting loops in the RZ plane (70) 
producing RF flux orthogonal to the page in Figures 4B and 
5C. The antennas may be filled with soft ferrite (10, 14) 
to improve their gauss/amp efficiency. Again the grade of 
ferrite must be chosen so that it does not saturate under 

35 the combined RF and static measurement fields (unsaturated 
ferrite is labelled 10, saturated ferrite with unity 
relative permeability is 14) . In all embodiments it can be 



WO 02/056047 PCT/GB02/00111 

31 

advantageous to make the ferrite from small elements so 
that dimensional resonance cannot occur (see EP-A-0932055) . 
A conducting shield (17) may be placed behind the antenna 
system to improve the directionality according to US -A- 
5 5646528. Alternatively the shield may form part of the 
ponductor circuit for the RZ plane antenna - the so-called 
"trough" antenna of US-A-5153514 . The combination of 
asymmetric magnetic field and RF system result in a 
sensitive volume that is a dished disk or cusp shape (71 in 

10 Figure 5B) in the formation rocks. 

In this arrangement a number of ways to create the 
switched magnetic field are possible, of which two are 
illustrated here. Figures 4A and 4B show an arrangement of 
three "shim magnets" (8, 9, 13) between the main magnets 

15 (7) . The shim magnets may be disks or bars as required. 
The outer shim magnets (8) are fixed and polarized as shown 
in Figure 4A so that their field adds to that from the main 
magnets. The inner shim magnet can be rotated by 180 
degrees between two positions (9 and 13) so that its field 

20 either adds to or subtracts from the field from the outer 
shim magnets (8) . In Figure 4A all the fields add, 
generating a strong pre-magnetization field, but imposing 
a strong radial gradient across the SV. The field in the 
vicinity of the ferrite is strong and the ferrite probably 

25 saturates (14) . In Figure 4B the field from reversed shim 
(9) largely cancels that from shims (8) and the measuring 
field in the SV is mostly due to the main magnets (7) so it 
exhibits the natural saddle point, but is necessarily 
weaker. The field in the vicinity of the ferrite is now 

30 much weaker and the ferrite does not saturate (10) . 

In the Figure 5 example the outer cylinder (8a) is 
fixed and the inner (9a, 13a) rotates by 180 degrees from 
the pre-magnetization position (13a) to the measurement 
position (9a) . Figure 5B shows this arrangement in plan 

35 section. 

In an alternative embodiment (not shown in Figures) it 
would be possible to do away with the shim magnets (8, 9, 
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13, 8a, 9a, 13a) altogether and simply move the main 
magnets (7) axial ly closer together to produce the 
stronger, less uniform pre -magnetization field at the 
diameter of the SV. This embodiment uses linear motion and 
5 may be mechanically more complex and costly to implement 
than rotary motion. 

Figures 6A and 6B show an alternative arrangement 
based on the geometry in US-A-4933638 . The housing and RF 
window are not shown, but would be similar to that shown in 

10 Figure 5B. The sensor is one-sided and is operated as a 
pad tool. The main bar magnets (30) generate a saddle 
point in the magnetic field which is used for the SV (38) . 
A third magnet (31, 32) may be rotated from the pre- 
magnetization position (31) to the measurement position 

15 (32). A trough antenna (33, 34, 35, 36) of the type 
described in US -A- 5 153 514 is shown, although the antenna 
systems shown in Figures 4 and 5 and described above are 
equally applicable. In this geometry the close proximity 
of the main magnets to the ferrite core (34, 35) usually 

2 0 requires that an iron flux shunt (33) is used to route the 
magnet flux away from the antenna ferrite so that it does 
not saturate in the measurement state (35) . The RF flux 
(37) from the axial conductors of the trough antenna lies 
in the R*F plane. The trough antenna shown in this example 

25 uses the shield (33a) as the return current conductor, as 
described above. 

Figures 8 and 9 show another embodiment, this time 
applied to a one-sided NMR external field sensor for 
surface investigation. An annular permanent magnet (181) , 

30 shown here in section, is magnetized along the axis. This 
ring magnet is functionally equivalent to a simple pair of 
nested solenoids. A ring magnet produces a field with a 
saddle point and a region of improved homogeneity at both 
ends. If required a ferrite layer (182) can be used to 

35 adjust the field shape (at one end in this example) and 
enhance the RF sensitivity as previously described. More 
complex magnet structures comprising concentric rings of 
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magnets, some with reversed magnetic polarity, can be 
envisaged to improve the field homogeneity, but always at 
a cost of field strength in the SV. An MR imaging system 
similar to this embodiment, but which does not utilise pre- 
5 polarization, is described in US-A-5959454 . An antenna 
system well suited to this geometry is the "crossed 
butterfly coils" or gradiometer coils shown in plan view in 
Figure 10. Two antennas (190, 191) are wound using "figure 
of eight" windings and laid out so RF flux loops out of one 

10 half of the figure-of-eight and into the other half. In 
this way the transmit and receive fields produced in the SV 
are in the same plane as the coils and orthogonal to the 
static magnetic field and to each other. This twin coil 
system, described in oa 4.2K receiver coil and SQUID 

15 amplifier used to improve the SNR of low- field MR images© , 
Seton H, et al, Meas. Sci. Tech. Vol. 8, 198-207, 1997, is 
naturally orthogonal and has minimal cross - coupl ing . In 
Figures 8 and 9 the butterfly antenna pair (183) is laid 
out on the ferrite disk (182) . 

20 The apparatus shown in Figures 8 and 9 can be useci to 

investigate the properties of materials below a surface 
(184) . To gain the signal enhancement of the present 
invention the apparatus must first be placed as shown in 
Figure 8, so that the strong but inhomogeneous static 

25 magnetic field beside the magnet causes magnetization to 
build in the region of interest (185) . The apparatus is 
then rotated by about ninety degrees (or the sample is 
moved) so that the weaker uniform field in front of the 
antenna envelops the material of interest (Figure 9) and a 

30 measurement is made in the SV (186) . It is possible to 
think of the apparatus of Figure 8 and 9 as an alternative 
embodiment of the apparatus of Figures 6a and 6b, but 
moving the whole apparatus (or sample) instead of the shim 
magnet (31/32) . 

35 In a further embodiment (not shown) based on that 

shown in Figures 8 and 9 the direction of magnetization of 
any reversed polarity element that may have been introduced 
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to improve homogeneity in the SV, (but which inevitably 
weakens the static field) can be cancelled during the pre- 
magnetization period by means of a current pulse in a 
winding enclosing the reverse magnetized element. In this 
5 case, to avoid the positive elements being affected by the 
current pulse, they should be made of a magnetic material 
with a greater coercivity than that of the element whose 
magnetization is to be reversed. For example, a high 
coercivity rare earth material or type C5 permanent magnet 

10 ferrite, which has a remanence of 300mT and a coercivity of 
200kA/m could be used for former, and type CI ferrite which 
has a remanence of 220 mT and a coercivity of 150kA/m could 
be used for the latter. 

In yet a further embodiment (not shown) based on that 

15 shown in Figures 8 and 9 the pre-magnetization field 
enhancement may be generated by switching on an 
electromagnet loop coil positioned in the same plane as the 
RF coil (183) . This electromagnet can be resistive or 
superconducting. If the latter, it may be wound from low 

20 temperature or preferably from high temperature 
superconductor, thus easing the requirements for cryogenic 
cooling. 

We now turn to exemplary embodiments of the invention 
in the field of MR imaging in which the pre-polarization 

25 method is combined with open-access magnet designs suitable 
for MRI . The method and apparatus allows the current in 
some winding sections of the magnet to be changed to 
temporarily re-configure the magnet geometry (magnetic 
circuit) so that the magnetic field strength in the sample 

3 0 during the pre-polarization period is increased, without 
increasing the stored magnetic energy in the magnet. An 
exemplary preferred embodiment is now described for a one- 
sided MRI system based on the flat magnet of US-A-4701736 . 
Figures 11 and 12 show an example of a maximum access 

35 imaging system magnet for general purpose medical imaging. 
The dimensions of the example are particularly suited to 
limb, head and spine imaging. This "flat magnet" example 
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generates a very • homogeneous magnetic field across a 
spherical homogeneous sensitive volume in measurement mode, 
offset from the plane of the magnet. A spherical SV is 
often referred to as a "diametrical spherical volume" (DSV) 
5 in NMR terminology, and is the most general purpose SV, 
well suited to internal- field instruments. As will be 
clear to those versed in the art, it is possible to 
optimise the magnet geometry in other ways to create other 
shapes of sensitive volume. One particularly useful option 

10 for extreme open-access external-field instruments is disk 
or "saucer" shaped sensitive volumes. Descriptions of 
magnet systems optimised for disk and saucer shaped SVs are 
given in US-A-5307016 (for solenoid magnets) and US-A- 
5331282 (for one-sided magnets) . It is not intended to 

15 limit the invention to flat magnets with spherical 
sensitive volumes. 

The Cartesian axis system shown is used throughout 
this application. The magnet comprises a static-field sub- 
magnet (coils 202, 204, 206) and a variable-field sub- 

20 magnet (coils 201, 203, 206) . The outer coil diameter is 
approximately 3 metres. The coils are all in the XY plane, 
offset along Z by about 30cm (except 201 & 202, which are 
offset by 4 0mm) from the origin, where the imaging volume 
is centred. The imaging flux density is 0.1T in read-out 

25 mode, and 0.44T in pre-polarization mode. The coil 
positions and turns densities are selected to achieve near 
zero mutual inductance between the static- field sub-magnet 
and the variable-field sub-magnet, as well as a homogeneous 
read-out field, and a pre-polarization field with a linear 

30 Z-gradient across the imaging volume (207) . (This system 
could obviously be scaled down for imaging of smaller body 
parts or scaled up for imaging of larger subjects, or 
redesigned for a larger or smaller separation of the magnet 
and DSV along the Z axis) . 

35 The Cartesian co-ordinate system (200) is shown in 

Figure 11, with the Z axis along the magnet coil axis. The 
coil winding parameters are given in Table 1, which should 
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be read in conjunction with Figure 12, which schematically 
shows the magnet coils in cross -section, with dimensions 
al, a2, bl and b2 indicated. 

Table 1: Flat 0.1T magnet for one-sided imaging system 
5 (current directions shown for read-out mode) 





Coil # 


al (cm) 


a2 (cm) 


bl (cm) 


b2 (cm) 


Turns 


Current 


10 














(amps) 


201 


121.18 


125.28 


27.18 


52.82 


1051 


100 


15 


202 


125.28 


146.82 


27.18 


52.82 


5523 


100 


20 


203 


76.24 


93.77 


21.24 


38.77 


3073 


-100 


2 04 


38.86 


41.14 


28.86 


31.14 


520 


100 


25 


205 


29.08 


30.92 


29.08 


30.92 


339 


-100 


206 


19.64 


20.36 


29.64 


30.36 


52 


100 



30 This magnet produces a 0.1T field at the origin in 

read-out or measurement mode. The field is uniform to 18 
parts per million (ppm) over a 10cm diameter DSV 207 and to 
230ppm over a 20cm diameter DSV centred on the origin of 
the co-ordinate system. Figure 13 shows a contour and 

35 surface plot of the field over a 20 by 20 cm patch in the 
YZ plane slicing through the DSV. In comparison with 
conventional solenoids (conventional defined here as having 
length to bore ratio grater than approximately two) and 
Helmholtz -configuration C-magnets (in which the gap between 

40 the coils equals the coil radius), the "flat magnet" 
contains windings with counter- running current (coil banks 
2 03 6c 205 in Table 1) . It is a recognised fact that 
extreme open access magnets , with more patient access 
compared to conventional solenoids and C-magnets, must 

45 contain counter- running coils in order to create the 
homogeneous volume of field required for MR image read-out. 
The counter -running turns are positioned to generate field 
contributions that cancel un-wanted harmonics in the field 
in the SV, thus increasing homogeneity, but unavoidably 

50 subtracting from the field strength in the SV. 

The stored energy of this magnet is 0.8MJ. For 
comparison purposes, a simple lm bore, 2m long solenoid 
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design, having the same stored energy and similar field 
homogeneity across the same size DSV at the magnet 
isocentre, would generate a flux density of about 1 Tesla. 
Figure 16 shows the flat magnet (208) in a pictorial 
5 cryostat (209) and a seated patient (210) , demonstrating 
the spine imaging capability and extremely open access. 

In this embodiment, and in comparison with prior art, 
the current in the odd numbered coils (201, 203, and 205) 
in the magnet of Figure 11 is reversed during the pre- 

10 polarization phase. The homogeneity of the DSV (2 07) is 
destroyed, but the field at the origin increases to 0.44T - 
a 4. 4 -fold enhancement - as more coil turns are now 
contributing positively to the total field. The stored 
energy of the magnet remains the same. There is a 

15 predominantly linear gradient in the pre-polarization field 
along the Z-axis, as shown in Figure 14, showing magnetic 
field data calculated over the same slice as Figure 13. 
This gives rise to a 28% variation in field intensity 
across the DSV 207 in a YZ slice; (an XZ slice is the same 

20 due to the axial symmetry of the magnet) . This results in 
a similar variation in magnetization, which would 
ultimately manifest itself as a variation in signal 
strength, and hence image intensity, in an image taken in 
the XZ or YZ plane. This is not a particular problem and 

25 can be corrected by post -processing, but it should be noted 
that the variation in pre-polarization field across the DSV 
in the XY plane is very much smaller, only 0.03%, as shown 
in Figure 15 . Imaging in the XY plane is therefore 
slightly preferred. 

30 Generating an image in a slice through the DSV 207 

requires that the magnet be held in the pre-polarization 
state for a time longer than about 3 to 5 times the longest 
spin-lattice (Tl) time constant of interest in the sample. 
This allows magnetization to build to a significant 

35 fraction of its equilibrium value in the pre-polarization 
field. The field is then returned to the conventional 
read-out mode, by switching the currents back to their 
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original direction. The duration of the field changeover 
is important, as discussed previously. A suitable imaging 
sequence of gradient and RF pulses is then applied, as will 
also be described in more detail later, and the NMR echo 
5 signals acquired are processed to form an image. 

The simplest way to reverse the current in coils 2 01, 
2 03 and 205 whilst leaving that in coils 202, 204 and 206 
constant is to connect these coils as two distinct circuits 
and to arrange the magnet geometry so that they have very 
10 little mutual inductance. Alternative circuits are 
possible. The two "sub-magnets" thus formed can then be 
treated as electromagnetically isolated coils. If the 
mutual inductance (i.e.: coil coupling or flux linkage) is 
not close to zero the two sub-magnets would behave as a 
15 transformer, and switching current in one would affect the 
current in the other, which is clearly undesirable. 

Creating near zero mutual inductance and homogeneous 
field from the same electromagnet magnet calls for careful 
design, but has been achieved in the example magnet shown 
20 in Figure 12 and Table 1. We shall denote the sub-magnet 
circuit that carries constant current the 11 constant -field 
sub-magnet" and the one that carries variable current the 
"variable- field sub-magnet" . The variable- field sub-magnet 
is formed by connecting the odd-numbered coils in series, 
25 and the constant -field sub-magnet formed by connecting the 
even-numbered coils in series. A suitable circuit diagram 
is shown in Figure 17. 

In Figure 17 superconducting coils 202, 204, and 206 
are connected in series to form the constant- field sub- 
30 magnet. After energisation by the DC power supply (216), 
the superconducting switch (215) is closed and the power 
supply (216) may be removed. Current continues to flow in 
the constant field sub-magnet. A second DC power supply 
(213) is connected to the variable- field sub-magnet (coils 
35 201, 203, and 205) by an H-bridge inverter (switch pairs 
211 and 212) . These switches may be solid state devices, 
such as IGBTs or relays. When switch pair 211 are closed 
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current flows in the variable- field sub-magnet, generating 
the pre-polarization field. The current in the constant 
field sub-magnet is unaffected due to the low coupling 
(coupling coefficient K~l%) between the magnets. After 
5 allowing a sufficient duration (TP) for the magnetization 
of the sample to build up, switches 211 are opened. The 
energy stored by the coils 201, 203 and 205 keeps the 
current flowing and charges capacitor 214. The value of 
this capacitor is chosen so that it resonates with the self 

10 inductance of the variable field sub-magnet at the 
frequency defined by 1/TS, where TS is the desired field- 
switching time. For example, in the preferred 0.1T magnet, 
the inductance of the variable-field sub-magnet is 21.5 
Henries. For a switching time of 100ms the capacitor 214 

15 needs to be 47uF. When the current has fallen to zero (the 
stored energy has exchanged from the magnet to the 
capacitor) , the switches 212 are closed. Current then 
increases through the variable field sub-magnet in the 
opposite direction until it reaches the same level as 

2 0 before, but flowing in the opposite direction. Most of the 

energy is supplied from the capacitor, with the power 
supply making up any small losses. Switch 217 is then 
opened (the current flowing through it having fallen to 
zero) . After applying the imaging sequence, the current is 
25 again reversed by closing switch 217, opening switch pair 
212, waiting until the current through the coils reaches 
zero, closing switch pair 211, waiting until the current 
through the coils reaches the peak value, then opening 
switch 217. This regenerative switching process may be 

3 0 repeated as often as required. Power supply 213 only needs 

to supply a small quantity of power to make up for any 
losses . 

It is not a strict requirement to reverse the current 
to the same absolute level when flowing in the opposite 
35 direction - the correction coils could simply be turned 
off, or the current simply reduced. The former option 
would reduce the stored energy to 0.7MJ during the pre- 
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magnetization period, but there would only a 2.7 fold 
enhancement in field and NMR signal. However, there are 
good technical reasons for preferring to have the current 
rise to the same absolute level but flowing in the opposite 
5 sense in the pre-polarization period compared to the read- 
out period: the stored energy in both pre-polarization and 
read-out modes with reversed but equal -magnitude" current is 
the same, so choosing any lower current value means that 
energy will have to be removed, stored for the duration of 

10 the imaging sequence, which could be a few seconds, then 
added back into the magnet. This is inconvenient: 0.1MJ of 
energy would have to be stored in the example above. 
Resonant switching of the current using a capacitor, as 
described above, is the most convenient way of rapidly 

15 reversing the current to the same value, and temporarily 
storing the energy in the capacitor bank during the short 
change-over period TS. 

The MRI embodiment of the invention is therefore 
characterised by having at least two separate electrical 

20 circuits in the magnet. Embodiments with more than two 
separate circuits are also possible. However, it should be 
noted that both sub -magnets contribute to the properties of 
both the read-out field. This is in comparison to US-A- 
5835995 which uses separate magnets for generating the 

25 read-out and pre-polarization fields. Furthermore, as the 
relative physical positions of the windings elements of 
both sub-magnets are crucial in generating the homogeneous 
DSV in read-out mode, they should therefore be considered 
as sub-elements of the same magnet, rather than separate 

30 magnets. 

As discussed before the pre-polarization technique 
requires that the magnetic field changes from pre- 
polarization to read-out mode according to the AFP 
criterion; i.e.: TS is shorter than the shortest Tl time 
35 constant of interest in the sample, but longer than the 
Larmor time constant of the nuclear species of interest. 
The field must also revert from prerpolarization mode to a 
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stable read-out mode in less than a fraction of the 
shortest T2 time constant of materials of interest in the 
sample. Typical values for Tl and T2 in human tissues at 
0.1T to 0.2T are in the range 200ms to 2 seconds. The 

5 Larmor frequency of the read-out field depends on the 
application and particular constraints of the design, but 
around 0.1T to 0.2T is probably close to optimal. This 
range corresponds to a Larmor frequency of about 4 to 8MHz 
for hydrogen, which is sufficiently high for 1/f noise to 

10 be negligible, but sufficiently low for the magnet§s stored 
energy to be manageable with a cost-effective design. The 
Larmor period of the readout field is therefore in the 
range 0.25us to 0.125us (eg: l/4MHz « 0.25us). There is 
clearly no practical possibility that the field change will 

15 occur this fast, so Tl and T2 considerations dominate. The 
optimum field switch time (TS) is therefore in the range 
50ms to 400ms, and the pre-polarization field should be on 
for 1 to 10 seconds (TP) for full magnetization. In some 
cases it may be preferred to use shorter TP. times to create 

20 images with Tl contrast. 

If the AFP criterion is met during the change from 
pre-polarization to read-out field, the enhanced 
magnetization built-up during the pre-polarization period 
is mostly retained during the read-out phase, leading to an 

25 increase in NMR signal proportional, to the ratio of the 
pre-polarization to read-out field intensities. The 
orientation of the magnetic field during pre-polarization 
and read-out may be different, as the magnetization will 
track the changing field direction during AFP field 

30 changes. Different field vector orientations during the 
pre-polarization and measurement phases is not a 
requirement, and is not a feature of the preferred 
embodiment, but does allow more freedom in designing 
alternative magnet geometries. It should be noted that the 

35 transition time from read-out to pre-polarization field is 
not critical, and can be a longer duration if desired. In 
general, the read-out field needs to be stable during the 
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measurement phase (pulse sequence) in common with 
conventional MR imaging. The stability of the pre- 
polarization field is less critical to image quality. 

If the magnet were wound from copper wire according to 

5 Table 1 it would pose serious power consumption and heating 
problems. It is therefore strongly preferred to use 
superconducting magnets which consume negligible electrical 
power. Conventional superconducting wire is optimised for 
carrying DC current but would suffer from eddy current 

10 losses during the change-over from pre-polarization to 
read-out mode. Modern high temperature superconductors 
(HTS) and wire construction methods offer great scope for 
overcoming this problem. Indeed, AC machines such as 
motors using HTS wire and HTS AC power cables have already 

15 been demonstrated. Therefore the preferred embodiment of 
the invention for the second category of applications uses 
AC-optimised HTS conductors for those coils with rapidly 
changing current. 

The variable- field sub-magnet must be connected to a 

20 power supply or switches to allow its current to be varied 
and reversed as required. The constant -field sub-magnet 
must also be connected to a power supply for energisation, 
but if it is a persistent superconductor (i.e.: low 
temperature superconductor, LTS, such as NbSn or NbTi, or 

25 low-loss HTS) then it is preferred to close the circuit 
after energisation to form a closed superconducting loop. 
A superconducting switch is used to do this, as will be 
familiar to those versed in the art of LTS superconducting 
magnet design. The energisation power supply can then be 

30 removed and the current will continue to flow at a constant 
magnitude. If the mutual inductance to the variable field 
sub-magnet is low, as in the preferred example, the field 
switch-over will not significantly disturb the current in 
the closed-loop constant field circuit. A suitable circuit 

35 for the magnet is shown in Figure 17. 

We can once again use stored energy calculations to 
highlight the advantage of the present invention over prior 
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art. Taking the same 3m diameter 0.5T flat magnet 
described by Table 1., we can reduce the operating current 
by a factor of five to drop the read-out field to 0.1T. 
This reduces the stored energy from 20MJ to a manageable 
5 0.8MJ. The switched-coil pre-polarization method and 
apparatus of the invention boosts the pre-polarization 
field strength, and hence NMR signal, by a factor of 4.4. 
The SNR of an MRI system depends on many factors/ as 
previously discussed, several of which are a function of 

10 magnetic field strength. At this point a difference to the 
situation for bulk NMR measurement with well logging 
instruments must be noted. In a well logging measurement, 
the sensitive volume is smaller than the total sample 
volume (the fluid-filled porous rocks surrounding the 

15 tool) , however in an MRI system the sample is generally 
smaller than the sensitive volume. In the latter case the 
sample volume must be made large enough to contain the 
sample to be imaged, such as a head, limb joint, or portion 
of spinal column. Unlike a well logging tool, the SV size 

2 0 is therefore determined by sample geometry and is not a 
parameter which the designer may significantly adjust. 

An analysis of the embodiment using the SNR equations 
presented in "The Signal-to-Noise ratio of the NMR 
experiment", Hoult & Richards, J. Mag. Res. Vol. 24, 71-85, 

25 1976 and in OThe Intrinsic Signal-to-Noise Ratio in NMR 
Imaging", Edelstein et al, Magnetic Resonance in Medicine, 
3, 604-618 (1986) shows that, to a good approximation, the 
0.1T flat magnet of this exemplary embodiment will produce 
images of the similar quality to a 0.5T flat magnet. 

30 However the 0 . 5T flat magnet stores 20MJ, compared to 0 . 8MJ 
in the 0.1T flat magnet with pre-polarization, and about 
0.2MJ in a 0.5T simple solenoid. Clearly the present 
invention represents a very significant step in reducing 
the engineering difficulty associated with this type of 

35 open-access magnet. The same arguments apply for all types 
of open access magnets, for example the shaded pole design 
shown in US-A-4689591 and the version with a dish-shaped SV 
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described in US-A-5331282 , because all open external -field 
magnets demonstrate poor gauss/amp efficiency compared to 
their internal -field equivalents, and all will benefit from 
pre-polarization as implemented in this invention. 

5 Additional hardware elements are required to create an 

image of a sample placed in the SV. Firstly, one or more 
radio- frequency antennas will be required to transmit RF 
pulses at the Larmor frequency and receive NMR signals. The 
RF oscillating magnetic field transmitted to excite the 

10 nuclei in the SV must be orthogonal to the read-out static 
magnetic field. There are a number of coil geometries 
which will achieve this that will be apparent to the 
skilled user, some examples of which that suit the magnet 
of Figure 11 are now given by way of example. However, 

15 this list is by no means exhaustive. A single RF surface 
coil predominantly in the XZ or YZ plane producing RF field 
oriented along the X or Y axis may be used. Such a coil 
would typically be optimised to suit the particular 
characteristics of the sample (i.e.: body part specific). 

20 The same coil could be used for receiving the NMR signals, 
with a suitable transmit /receive switch. Alternatively, 
separate orthogonal, non-coupling surface coils may be used 
for transmit and receive, or they may be connected in 
quadrature to create a rotating field in transmit mode, 

25 generating quadrature signals in receive mode, resulting in 
a root -2 improvement in SNR. 

If it is desired to keep the RF system in the same 
plane as the magnet, for example to preserve the hardware 
as a truly one-sided imaging system, then gradiometer RF 

30 coils are suitable. Simple examples are shown in Figures 
18 and 19. 

Figure 18 shows an RF gradiometer coil (215a) in the 
XY plane, generating RF magnetic field in the X direction 
(216a) . The arrows indicate the current direction. 
35 Although not shown, the coils are connected in series. 
This coil is a modified version of one coil of pair of 
"butterfly coilso shown in Figure 10. The modification to 
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separate kidney shaped coils connected in series with the 
correct orientation produces a similar RF magnetic field 
distribution to one coil of Figure 10, but allows access 
though the centre of the coils. In the one-sided imaging 
5 system embodiment being described this hole would allow a 
patient to position a limb perpendicular to the plane of 
the magnet, thus passing through the hole in the centre of 
the magnet and though the modified RF and gradient coils 
(the latter yet to be described) . The magnet cryostat 

10 would also have to incorporate a suitable hole. This 
feature affords an extra degree of freedom to orient the 
imaging subject within the MRI system field of view (FOV) . 
Whilst useful, this is not an essential feature of the 
embodiment and the original design of butterfly RF coils 

15 (or similar) could be employed. Contour plot 217a shows 
the RF field X component magnitude variation over a 200mm 
x 200mm XY slice though the DSV. The variation in the X 
component of RF flux density is sufficiently uniform (i.e. : 
the variation in spin tip angle for a notionally 90 degree 

20 pulse is not more than 45 degrees) . 

Figure 19 shows a second RF coil (218) placed on top 
of the first (215a) . In this arrangement the coils display 
near zero flux coupling, and act as an orthogonal pair, 
analogous to the butterfly coils of Figure 10. One coil 

25 may be used for transmitting RF pulses and the other for 
receiving NMR signals. As will be clear to those versed in 
the art, the X-coils can be used for transmit (Tx) and the 
Y-coils for receive (Rx) , or vice versa, or both coils can 
be connected in quadrature and used for both Rx and Tx, 

30 with a root-2 increase tin SNR and root-2 reduction in RF 
power respectively, using suitable electronics. These 
coils lie in the XY plane in front of the magnet, close to 
the sample. They are shown as closed loops, but in 
practice are connected in series in the correct orientation 

35 to generate RF fields in the X or Y direction. 

A useful property of the gradiometer coils shown in 
Figures 10, 18 and 19 is their selective sensitivity. They 
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are only sensitive to RF magnetic field signals generated 
in their immediate vicinity. Plane waves, as would arrive 
from a distant source unrelated to the imaging apparatus or 
sample, induce equal and opposite voltages in the two 
5 halves of the coil, resulting in no net signal. Gradiometer 
coils of this type therefore reject interference from far 
field sources in favour of the local NMR signal. More 
information can be obtained from Seton et al (Meas. Sci. 
Tech. Vol. 8, 198-207, 1997). 

10 If conventional MRI pulse sequences are to be used 

gradient coils will be required to encode the NMR signal in 
k- space (frequency-phase) , as will be familiar to those 
skilled in the art. 

If gradient coils are to be used, there are many 

15 options available, suiting different applications. If it 
is desired to keep all of the imaging hardware in the plane 
of the magnet, then it is possible to design gradient coils 
that also lie in the plane of the magnet and produce the 
required gradient magnetic fields (i.e. : with field 

2 0 oriented along the Z axis and gradients in the X and Y 
directions, i.e. : dBz/dx and dBz/dy) . Simple examples are 
shown in Figures 20 and 21. The coils in this example have 
essentially the same geometry as the RF coils. 

Figure 20 shows a Y gradient coil (221) in the XY 

25 plane. The currents flow in the same sense in the two 
halves as in the RF coil (215a) shown in Figure 18. A 
contour plot of the gradient field (the Z component of B0) 
across a 20cm x 20cm XY slice though the DSV (207) is shown 
(222) . It should be noted that the flat gradients are 

30 "impure". In other words , they do not generate magnetic 
field purely in the Z direction. The X gradient coils 
generate a vector field with a component in the X 
direction, and the Y gradient coils generate a vector field 
with a component in the Y direction (this field component 

35 is actually used when he same geometry coils are utilised 
as RF coils) . A consideration of the physics of NMR will 
demonstrate that the field components orthogonal to the 
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static BO field have only a small effect on the image. In 
the exemplary embodiment described here, the X and Y 
gradient coils generate gradient fields with gradients 
typically 0.2 Gauss/cm. In a typical imaging sequence the 
5 magnitude of the orthogonal (X or Y) field component 
generated by the gradient coil is about 3.6G at the centre 
of the DSV (where it is strongest) . This combines in 
vector fashion with the BO field, which is 1000 Gauss 
(0.1T) in read-out mode to create an effective field of 

10 1000. 006G at an angle of 0.2 degrees to the Z-axis. This 
tiny change amounts to a frequency offset in the echo of 
25Hz, which is well within the Rx bandwidth (21kHz in this 
example) . The only noticeable effect is a slight 
distortion of the image in the "frequency encode direction" 

15 (Y in this example), as can be seen in Figure 24. 

Figure 21 shows an X gradient coil (219) in the XY 
plane, showing its location in relation to the magnet coils 
(201 to 206) . A contour plot of the gradient field across 
a 20cm x 20cm XY slice though the DSV (207) is shown (220) , 

20 demonstrating the linearity of the gradient field across 
the slice. Note that the gradient coil arrangement shown 
has a 400mm diameter access hole through the middle. As 
with the RF coils this allows the patients 1 head or limbs 
to be positioned along the Z-axis for imaging of joints, 

25 etc. The through-access ability is not a necessity. As 
with the RF coils in Figures 18 and 19, these gradient coil 
examples have near zero mutual inductance between the X and 
Y gradient coils, which is advantageous for easy gradient 
switching circuit design. These flat gradient coil designs 

3 0 are amenable to optimisation for efficiency and gradient 
linearity by means of algorithms which calculate the 
required current distribution from the desired field, 
profile, as will be familiar to those skilled in the art. 
The same technique can be applied to the RF coil design. 

35 Alternatively the flat gradient coils may be placed in 

the XZ or YZ planes orthogonal to the magnet . These may be 
most suited to imaging of limbs or the head and the flat 
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coils may be placed under the sample support means (e.g.: 
patient bed) . Suitable flat coils for this orientation are 
described by Cho and Yi (J. Mag. Res, Vol. 94, 471-485, 
1991) . 

5 In accordance with conventional techniques, image 

information is encoded into spin-echoes generated by any of 
a variety of RF and gradient pulse sequences that will be 
familiar to those skilled in the art. An exemplary spin- 
warp pulse sequence is described in more detail in the next 
10 section. The image is typically reconstructed from the 
echo data by Fourier Transformation, except in the case of 
rotating frame imaging, which requires a statistical 
technique 

Figure 22 shows a typical spin- warp imaging pulse 

15 sequence for generating images in the XY plane. The pre- 
polarization field (231) is applied for time TP (equivalent 
to 3 to 5 times the longest Tl of interest in the sample 
for full magnetization enhancement) . The field is then 
switched to the read-out mode (232) . Next a slice 

20 selection RF pulse (223) is applied in the presence of a Z- 
gradient (224, Gx = dBz/dz) , to invert the spins in the 
selected slice and scramble the magnetization outside the 
slice. This gradient may be generated by suitable 
gradients coils (like the Cho and Yi variety) or using the 

25 gradient of the pre-polarization field, as described above. 
A tipping pulse (225) is applied followed by a frequency 
encoding gradient pulse (226) from the Y axis gradient coil 
(Gy = dBz/dy) , and a phase encoding gradient pulse (227) 
from the X axis gradient coil (Gx = dBz/dx) . At time TE 

30 after the tipping pulse a re-focusing pulse (228) reverses 
the phase dispersion, causing an echo (229) to form after 
a further time TE. A read-out Y gradient (230) is applied 
during the echo acquisition to frequency encode the data. 
The echo contains data for one image line in k- space. The 

35 B0 field is then returned to the pre-polarization value, 
and the imaging sequence is repeated with the amplitude of 
the X gradient incremented. This is repeated a number of 
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times to build up the 2D k-space image data. This data set 
is subsequently Fourier transformed to generate the real 
space image. Many alternative imaging sequences are 
possible, as will be apparent to those skilled in the art. 
5 It should be noted that to create images in the XY 

plane using flat X and Y gradient coils in the same plane, 
as shown in Figures 20 and 21, a separate slice selection 
Z-gradient coil is not a necessity. By applying a slice 
selective RF pulse during the transition from pre- 

10 . polarization to read-out field, the magnetization in the 
DSV (207) can be encoded to preserve information from a 
slice in the XY plane for read-out using X and Y gradients. 
As shown in Figure 23 this is achieved by applying a 180 
degree slice selection pulse 223 (the amplitude envelope of 

15 which is shaped to select a slice with a "top hat" profile 
in the Z direction) during the transition from pre- 
polarization to read-out field 231a. If the pulse is 
applied at the right moment, the decreasing Z-gradient in 
the B0 field will set the correct slice thickness. The 180 

2 0 degree slice selection pulse inverts magnetization within 

the slice. Magnetization that is aligned parallel or anti- 
parallel to the magnetic field experiences no torque, so 
that the magnetization within the slice that was inverted 
by the slice-selection pulse remains unaffected by the 
25 continuing B0 field transition. However magnetization 
outside the slice will have been rotated by more or less 
than 180 degree and will therefore experience a torque in 
the changing B0 field. The magnetization outside the slice 
precesses at different rates whilst the field change-over 

3 0 occurs and is randomly oriented by the time the B0 field 

stabilises at the read-out value. The scrambled 
magnetization outside the selected slice does not 
contribute in a coherent manner to the NMR signals 
generated by subsequent measurement pulse sequences. The 
35 pulse sequence then proceeds in the same manner as the 
standard spin- warp sequence previously described. The 
method described here requires that the transmit antenna is 
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capable of transmitting high power RF pulses at the Larmor 
frequency at the Z-position of the slice at the time when 
the slice-selection pulse is applied. This will be a 
higher frequency than the read-out frequency, because the 
5 BO field strength is higher at that time than the read-out 
value. This can be achieved either by using a separate 
transmit antenna tuned to the higher frequency for the 
slice- selection pulse, or using a double- tuned antenna, as 
will be familiar to those skilled in the art. 

10 Figure 24 shows a pair of simulated images generated 

using NMR spin simulation software. Magnetic field data 
generated from analytical models of the apparatus described 
in Figures 11 to 22, and the pulse sequence of- Figure 23 
form the input to the simulation, which solves the Bloch 

15 equations numerically. Simulated NMR echoes are output, 
which are then Fourier Transformed to create an image. The 
test sample ("phantom") is placed in the 20cm x 20cm slice 
in the XY plane at the centre of the DSV. The phantom 

(233) consists of a "cheese-cutter" grid with 5mm thick 
20 walls, surrounded by two square section tubes r all oriented 

along the Z-axis. The spin density in the sample is 100%, 
and 0% elsewhere. The slice thickness in Z is 5mm. Image 

(234) was acquired using conventional prior-art imaging 
methods without pre -polarization (i.e.: in a constant 0.1T 

2 5 field) . Thermal noise of a realistic amplitude was added 
to the simulated echo data, and 32 data sets were 
accumulated to improve SNR. Clearly the simulated image 
(234) displays poor SNR. Some artefacts are also visible: 
the "zipper" artefact across the centre is caused by a data 

30 collection error and can be ignored, whilst the distortion 
is due to impurity in the read-out Y-gradient field, as 
previously discussed. Image (235) was taken with the pre- 
polarization enhancement method and apparatus of the 
invention, thus demonstrating the significant SNR and image 

35 quality improvement possible. 

It may be advantageous in many applications to 
cryogenically cool the RF and/or the gradient coils, or 
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even to make these from superconducting wire, typically 
HTS, to further increase SNR as described above. In the 
case of the examples of RF and gradient coils that lie in 
the XY plane as the magnet, (as shown in Figures 20 and 
5 21), these coils may be fitted inside the magnet cryostat . 
This would require that the cryostat has a window made from 
non-metallic, non-conducting material to allow the time 
varying RF and gradient fields to pass through the cryostat 
walls. A suitable material is fibreglass. An RF 

10 transparent cryostat is described by Seton et al. Non- 
metallic cryostats will probably suffer from lower 
efficiency compared to conventional cryostats, but this is 
less of a problem if HTS materials are used, particularly 
if the magnet only needs cooling to liquid nitrogen 

15 temperature, as is promised by the next generation of HTS 
wire . 

Superconducting magnets require cooling below the 
transition temperature of the superconducting material. 
This is 4 degrees Kelvin in the case of liquid helium, but 

20 the next generation of HTS materials promise to have far 
higher transition temperatures. Embodiments utilising HTS 
magnets could advantageously use mechanical cryo-coolers 
and do without baths of liquid cryogen. Without the 
constraint of a liquid He bath, a smaller-scale open access 

2 5 magnet could be easily moved into position around a 
stationary patient, with obvious advantages for body-part 
imaging applications where it is desirable not to move the 
patient, such as during surgery. 

The embodiment for MR imaging described above uses 

30 electromagnets as the generators of magnetic field. It is 
not intended to limit embodiments of the invention for MR 
imaging to only electromagnets. A contribution to the 
time -invariant field produced by the constant -field sub- 
magnet could be generated by one or more permanent magnets, 

35 with the remainder of the constant -field being made up by 
an electromagnet, and the variable- field sub-magnet being 
an electromagnet. The electromagnets provide the balance 
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of the fields and have the necessary field gradients to 
cancel inhomogeneity in the contribution from the permanent 
magnet in read-out mode. The current in the electromagnet 
is reversed to boost the total field strength in pre- 
5 polarization mode. The use of a permanent magnet to boost 
the field reduces the current required in the 
electromagnets. Combined with an iron yoke, this could 
allow the invention to be embodied on a small scale with 
resistive electromagnets operating at acceptable power 

10 output. In such an embodiment a soft iron yoke would 
reduce the size of the stray field envelope. 

A disadvantage of the flat magnet embodiment shown in 
Figure 12 and Table 1 is that its stray magnetic field 
footprint (the 5 Gauss limit within which persons with 

15 pacemakers and electronic media are traditionally excluded 
for safety reasons) will expand (or obloom" ) during the 
pre-polarization mode. One way to stop stray-field bloom 
would be to incorporate a switched active shield coil. This 
would add one extra coil surrounding the mail magnet coils. 

20 The shield coil would be de-energized in read-out mode and 
energized in pre-polarization mode. The coil geometry of 
the extra coil is chosen so that its magnetic moment is 
equal and opposite to the combined magnetic moment of the 
other coils in pre-polarization mode, but it has minimum 

25 effect on the pre-polarization field strength. The shield 
coil would be ideally be driven from its own power supply 
as it would couple weakly to both the variable and the 
static sub-magnets. 

Although the embodiments describe primarily "flat" 

30 magnets, the invention is applicable to other external 
field assemblies, for example to bowl shaped assemblies 
with the sensitive or working volume partially inside the 
bowl . 
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CLAIMS 

1. A magnetic field generating assembly comprising a 
magnetic field generation system for generating, in a first 

5 mode, a first, relatively strong static magnetic field in 
a working volume located outside the assembly, and for 
generating, in a second mode, a second, static magnetic 
field in the working volume, wherein in the second mode the 
magnetic field in the working volume is weaker but more 
10 uniform than the first relatively strong magnetic field. 

2 . A magnetic field generating assembly according to 
claim 1, wherein the magnetic field generating system 
comprises a first magnetic field generator for generating 
the first, static magnetic field; a second magnetic field 

15 generator for generating the second, static magnetic field; 
and a control system for controlling the second magnetic 
field generator such that in the first mode the two 
magnetic field generators cooperate to generate the 
relatively strong magnetic field in the working volume, and 

20 wherein in the second mode the two magnetic field 
generators are controlled such that the resultant magnetic 
field in the working volume is weaker but more uniform than 
the relatively strong magnetic field. 

3. An assembly according to claim 2, wherein the first 
25 magnetic field generator is constructed so as to generate 

the weaker but more uniform magnetic field in the second 
mode, the second magnetic field being zero in the second 
mode . 

4. An assembly according to claim 2 or claim 3, wherein 
30 the second magnetic field generator comprises an 

electromagnet . • 

5. An assembly according to any of claims 2 to 4, wherein 
the first magnetic field generator comprises an 
electromagnet . 

35 6. An assembly according to claim 4 and claim 5, in which 
the positions and turns-density of the winding elements 
comprising the first and second electromagnets are chosen 
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so that the mutual inductance between the first and second 
electromagnets is close to zero. 

7. An assembly according to claim 4 and claim 5, or claim 
6, in which the two electromagnets are substantially co- 

5 planar with interleaved winding sections. 

8. An assembly according to any of claims 4 to 7, in 
which some or all of the electromagnets are cryogenically 
cooled. 

9. An assembly according to claim 8, in which some or ail 
10 of the cooled electromagnets are superconducting. 

10. An assembly according to claim 9, in which some or all 
of the superconducting electromagnets are fabricated from 
high temperature superconductor. 

11. An assembly according to claim 10, in which the second 
15 superconducting electromagnet utilises high temperature 

superconducting wire optimised for high rate of change of 
current . 

12. An assembly according to claim 2 or claim 3, wherein 
the first and second magnetic field generators comprise a 

20 plurality of permanent magnets, the magnets being 
physically movable with respect to each other to change the 
magnetic field intensity and uniformity in the working 
volume . 

13. An assembly according to claim 12, wherein a pair of 
25 the magnets are radially magnetised and are relatively 

rotatable. 

14. An assembly according to claim 13, wherein the pair of 
radially magnetised magnets are substantially cylindrical, 
one being located within the other. 

30 15. An assembly according to claim 14, wherein the pair of 
magnets are concentric. 

16. An assembly according to claim 12, wherein the magnets 
are arranged side by side, at least one being movable with 
respect to the other (s) to reverse its direction of 

35 magnetisation. 

17. An assembly according to any of claims 12 to 16, 
wherein the magnetic field generators comprise one or more 
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main magnets and at least two shim magnets at least one of 
which is adjustable relative to the other to achieve the 
first and second conditions. 

18. An assembly according to claim 17, wherein the main 
5 magnets are oriented so that their magnetisation directions 

extend at an acute angle to the magnetisation directions of 
the shim magnets. 

19. An assembly according to any of claims 12 to 18, 
further comprising means for moving the magnetic field 

10 generators, the means comprising one of an electromagnetic 
actuator, hydraulic actuator, pneumatic actuator, 
piezoelectric actuator, or a mechanical actuator . such as a 
spring, gears, levers, thermal expansion or contraction, 
and memory metal . 

15 20. An assembly according to any of claims 12 to 19, in 
which the magnetic field generators are permanent rare 
earth magnets. 

21. An assembly according to any of the preceding claims, 
wherein the resultant magnetic field in the working volume 

20 in the second mode is sufficiently uniform for performing 
a magnetic resonance process on a sample in the working 
region . 

22. An assembly according to any of the preceding claims, 
wherein the electromagnetic assembly is surrounded by a 

25 switched shield coil that is de-energized in the second but 
energized in the first mode so that it has magnetic moment 
substantially equal and opposite to the combined magnetic 
moment of the first and second magnetic field generators in 
the first mode. 

30 23. Apparatus for generating a tomographic image of a 
subject, the apparatus comprising a magnetic field 
generating assembly according to any of the preceding 
claims, the subject being located in the working volume in 
use; signal excitation and detecting apparatus for applying 

35 a pulse of oscillating magnetic field at the Larmor 
frequency of the nuclei of material of interest in the 
working volume, the oscillating field being substantially 
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orthogonal to the static magnetic field, and for receiving 
NMR signals from the excited nuclei; and a system to record 
and process the signals into an image. 

24. Apparatus according to claim 23, further comprising 
5 gradient coils to encode the NMR signal in k-space. 

25. Apparatus according to claim 24, when dependent on 
claim 7, in which the gradient coils are planar coils 
mounted in substantially the same plane as the 
electromagnets . 

10 26. Apparatus according to claim 24, when dependent on 
claim 7, in which the gradient coils are planar coils 
mounted in the plane orthogonal to the plane of the 
electromagnets. 

27. Apparatus according to any of claims 23 to 26, further 
15 comprising a coolant system for cryogenically cooling the 

gradient coils. 

28. Apparatus according to any of claims 23 to 27, wherein 
the signal excitation and detecting apparatus comprises a 
radio frequency antenna to generate pulses of oscillating 

20 magnetic field at the subject's Larmor resonant frequency 
orthogonal to the static magnetic field during the second 
mode; and a radio frequency antenna to detect NMR signals 
from the sample during the second mode. 

29. Apparatus according to claim 28, wherein the RF 
25 antennas comprise orthogonal RF coils. 

30. Apparatus according to claim 28 or claim 29, wherein 
the or each antenna comprises a RF coil which may be 
surface mounted on the subject in use. 

31. Apparatus according to any of claims 23 to 30, when 
30 dependent on claim 7, wherein the or each antenna comprises 

a RF coil mounted in substantially the same plane as the 
electromagnets . 

32. Apparatus according to any of claims 29 to 31, wherein 
the RF coil(s) are cryogenically cooled: 

35 33. Apparatus according to any of claims 29 to 32, wherein 
the RF coil (s) are superconducting. 
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34. Apparatus according to any of claims 23 to 33, when 
dependent on claim 20, in which a layer of soft ferrite is 
placed within an antenna winding of the signal excitation 
and detecting apparatus or between the majority of the 

5 antenna conductors and the conducting parts of the tool . 

35. Apparatus according to claim 34, in which the ferrite 
layer is made from a number of elements to prevent 
dimensional resonances. 

36. Apparatus according to any of claims 23 to 35, wherein 
10 the magnetic field generators and the signal excitation and 

detecting apparatus are mounted on a support for movement 
between first and second positions relative to the region 
of interest and corresponding to the first and second modes 
respectively. 

15 37. Apparatus according to claim 36, wherein the magnetic 
field generators and the signal excitation and detecting 
apparatus are mounted at fixed locations relative to each 
other on the support . 

38. A method for generating an image of a subject, the 
20 method comprising: 

(i) operating a magnetic field generating assembly 
including first and second magnetic field generators to 
apply a relatively strong, but generally non-uniform static 
magnetic field in a working volume located outside the 

25 assembly and containing an imaging sample, for a duration 
longer than the longest spin-lattice (Tl) relaxation time 
of the material of interest in the sample to allow enhanced 
magnetization to build up in the sample;' 

(ii) operating the first and second magnetic field 
30 generators to apply a weaker but much more uniform static 

magnetic field across said working volume, the change in 
static magnetic field occurring in a time shorter than the 
shortest spin-spin (T2) relaxation time of the material of 
interest in the sample, but longer than the Larmor period; 
35 (iii) applying a suitable sequence of radio frequency 

and switched magnetic gradient field pulses to encode the 
image information in NMR signals; 
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(iv) detecting and recording the NMR signals; and 

(v) processing the recorded data to form an image. 

39. A method according to claim 38, in which the imaging 
subject is a limb or other in- vivo body part containing 
tissue with non- isotropic NMR properties, such as a tendon 
or ligament. 

40. A method according to claim 39, in which the non- 
isotropic tissue in the body part is oriented at the "magic 
angle" to the static field direction. 

41. A method according to any of claims 38 to 40, in which 
the location of two dimensional tomographic images is 
selected by applying an amplitude modulated inversion RP 
pulse during the transition from the first to second field 
states. 

42. A method for measuring bulk NMR properties of a 
sample, the method comprising: 

(i) operating a magnetic field generating assembly 
including first and second magnetic field generators to 
apply a relatively strong, generally non-uniform static 
magnetic field in a working volume ' located outside the 
assembly and containing a sample, for a duration longer 
than the longest spin-lattice (Tl) relaxation time of the 
material of interest in the sample to allow enhanced 
magnetization to build up in the sample; 

(ii) operating the first and second magnetic field 
generators to apply a weaker but much more uniform static 
magnetic field across said working volume, the change in 
static magnetic field occurring in a time shorter than the 
shortest spin-spin (T2) relaxation time of the material of 
interest in the sample, but longer than the Larmor period; 



(iii) applying a suitable sequence of ^^^^^^^^^^ 

pulses to generate NMR signals; 

(iv) detecting and recording the NMR signals; and 

(v) processing the recorded data to calculate bulk 
NMR properties. 
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43. A method according to any of claims 38 to 42, wherein 
the second magnetic field generator is turned off during 
step (ii) . 

44. A method according to any of claims 38 to 43, wherein 
5 the magnetic field generating assembly is constructed in 

accordance with any of claims 1 to 37. 
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Figure 4A 




Figure 4B 
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Figure 5A 
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Section on A-A 
Figure 5B 
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Figure 5C 
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Figure 6B 
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Figure 7B 
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